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Foreword

A 100 TeV pp collider is under consideration, by the high-energy physics community [1, 2], as an important step
for the future development of our field, following the completion of the LHC and High-luminosity LHC physics
programmes. In particular, CERN is considering 100 TeV pp collisions as the key target of a Future Circular
Collider facility [1], built around a∼100 km tunnel and designed to deliver pp, e+e− and ep collisions, in addition
to a programme with heavy ion beams and with the injector complex. CERN is coordinating an international study
tasked with the completion, by the end of 2018, of a Conceptual Design Report (CDR) for this facility.

This document presents the first results of the assessment of the physics potential of the hadronic part of
this research programme (FCC-hh). The general considerations on the strengths and reach of very high energy
hadron colliders were introduced long ago in the classic pre-SSC EHLQ review [3]. The main physics motivations
for a 100 TeV pp collider, in the light of the status of high energy physics after the first years of LHC data, were
recently discussed in [4]. Here, we take a more systematic look, collecting the results of many studies that have
been carried out since the launch of the FCC initiative in 2014. The five Chapters of this Report address (i) the
general features of Standard Model processes and observables at 100 TeV, (ii) the potential for precision and
discovery physics in the electroweak symmetry breaking sector, (iii) the targets and prospects of the searches for
physics Beyond the Standard Model, (iv) the goals of a heavy ion programme with collisions of Pb ions, and (v) a
first overview of the potential of the collider injector complex. A first attempt at defining the luminosity goals of
the 100 TeV collider was presented recently in [5]. The resulting targets, in the range of 20-30 ab−1, are consistent
with the preliminary luminosity estimates provided by the accelerator studies [1], and will be used throughout this
report.

The studies presented here are mostly of phenomenological nature. The purpose is to illustrate the immense
physics potential of the FCC-hh, in the light of the key questions that may be left still open after the completion
of the LHC programme and of the other ongoing and forthcoming experimental efforts in high-energy physics
worldwide. Work is now underway to define reference detector designs, and to evaluate them in detail simulating
in a more realistic way some of the outstanding physics benchmarks that have emerged from this report. This
work, and new ideas that are now emerging in the literature on a daily basis, will converge in the CDR, for a more
complete and robust overall assessment of the preliminary projections discussed here.

Studies on the physics programme of the e+e− collider (FCC-ee) and of the ep collider (FCC-eh) are
proceeding in parallel, and preliminary results are documented in [6] (for FCC-ee) and in [7] (for the LHeC
precursor of FCC-eh). A global assessment of the overall complementarity and synergy of these three components
of the FCC programme will be documented in the CDR.

I warmly thank all editors and authors of the five Chapters of this volume, for the dedication and enthusiasm
that have driven their work over the two years of preparation of this Yellow Report.

M. L. Mangano
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Abstract
This Chapter documents the production rates and typical distributions for a
number of benchmark Standard Model processes, and discusses new dynami-
cal phenomena arising at the highest energies available at this collider. We dis-
cuss the intrinsic physics interest in the measurement of these Standard Model
processes, as well as their role as backgrounds for New Physics searches.
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1 Introduction
Standard Model particles play multiple roles in the 100 TeV collider environment. In the context of BSM
phenomena, and for most scenarios, new BSM particles eventually decay to the lighter SM states, which
therefore provide the signatures for their production. BSM interactions, furthermore, can influence the
production properties of SM particles, and the observation of SM final states can probe the existence of an
underlying BSM dynamics. SM processes therefore provide both signatures and potential backgrounds
for any exploration of BSM phenomena. SM backgrounds have an impact on BSM studies in different
ways: on one side they dilute, and can hide, potential BSM signals; on the other, SM processes influence
the trigger strategies, since they determine the irreducible contributions to trigger rates and may affect
the ability to record data samples of interest to the BSM searches.

The observation of SM processes has also an interest per se. The huge rates available at 100 TeV
allow, in principle, to push to new limits the exploration of rare phenomena (e.g. rare decays of top
quarks or Higgs bosons), the precision in the determination of SM parameters, and the test of possible
deviations from SM dynamics. The extremely high energy kinematical configurations probe the shortest
distances, and provide an independent sensitivity to such deviations.

Finally, SM processes provide a necessary reference to benchmark the performance of the detec-
tors, whether in the context of SM measurements, or in the context of background mitigation for the
BSM searches.

In this Chapter we review the key properties of SM processes at 100 TeV, having in mind the
above considerations. This will serve as a reference for future studies, and to stimulate new ideas on
how to best exploit the immense potential of this collider. We shall focus on the production of key SM
objects, such as jets, heavy quarks, gauge bosons. The SM Higgs boson will be discussed in the Higgs
Chapter of this report [1]. We shall not address issues like the current or expected precision relative to
given processes. On one side, and with some well understood exceptions notwithstanding, leading-order
calculations are typically sufficient to give a reliable estimate of the production rates, and assess possible
implications for trigger rates, background contributions, and detector specifications. On the other, any
statement about the precision of theoretical calculations made today will be totally obsolete by the time
this collider will operate, and assumptions about the accuracy reach cannot but be overly conservative.

3

CHAPTER 1: STANDARD MODEL PROCESSES

3



2 Parton distribution functions1

2.1 Introduction
The accurate determination of the parton distribution functions (PDFs) of the proton is an essential
ingredient of the LHC physics program [2–6], and will be even more so at any future higher-energy
hadron collider. In particular, a new hadron collider with a center-of-mass energy of

√
s = 100 TeV

will probe PDFs in several currently unexplored kinematical regions, such as the ultra low-x region,
x <∼ 10−5, or the region of very large momentum transfers, Q2 ≥ (10 TeV)2. In addition, concerning
the phenomenological implications of PDFs, the situation is much more complex (and interesting) than
simply assuming that the FCC can be treated as a rescaled version of the LHC. Indeed, understanding
PDFs at 100 TeV involves addressing a number of qualitatively new phenomena that have received
limited attention up to now.

It is extremely difficult to forecast what the status of our knowledge about the proton structure
will be in 20 or 25 years from now. Progress in PDF determinations [7–13] will strongly depend, on
the one hand, on the full exploitation of the information on PDF-sensitive measurements contained by
LHC Run I and Run II data [4], as well as by the corresponding HL-LHC measurements, and on the other
hand, on the progress in higher-order calculational techniques allowing to include many LHC differential
distributions in the PDF analysis at NNLO (and beyond), see [14–16] for some recent examples.

Moreover, progress in global PDF analysis can also be driven by methodological improvements,
for instance in more efficient methods to parametrize PDFs, or better techniques to estimate experimental,
model, and theoretical PDF uncertainties. Another important factor to take into account is the fact that our
understanding of the proton structure would be substantially improved in the case a new electron-nucleon
collider would be operative before the start-up of the FCC operations, such as the Large Hadron Electron
Collider (LHeC) at CERN [17] or the Electron Ion Collider (EIC) in the U.S.A. [18]. In addition, in the
long term, progress in non-perturbative lattice calculations might also shed further light on the proton
structure and provide a useful complement to global PDF fits.

For these reasons, in this section we will concentrate on qualitative aspects of PDFs that are im-
portant for a exploratory evaluation of the physics potential of the FCC, which is the main goal of this
report. In particular we will focus on:

– What are the most relevant generic differences for PDFs when moving from the LHC energies,√
s =14 TeV, to the FCC energies,

√
s =100 TeV.

This includes the kinematical coverage in the (x,Q2) plane of a 100 TeV collider, the ratios of PDF
luminosities and their uncertainties between

√
s =100 TeV and

√
s =14 TeV, and the assessment

of how available PDF sets extrapolate into the new kinematical regions covered by the FCC.
– Qualitatively new phenomena about PDFs and DGLAP evolution that, while not essential for the

exploitation of the LHC data, might become relevant at the extreme energies at which the FCC
would operate.
These include QED and weak effects in the PDF evolution, high-energy resummation effects, and
the possibility of treating the top quark as a massless parton. In addition, we also study the role of
photon-initiated contributions for electroweak processes at 100 TeV.

The outline of this section is the following. In Section 2.2 we quantify the coverage of PDFs at the
FCC in the (x,Q2) plane, and study the behavior of PDFs in the extreme large-x, large-Q2 and small-x
regions accessible at the FCC. In Section 2.3 we present a comparison of PDF luminosities at 100 TeV for
the most updated global PDF sets, and compute various ratios of parton luminosities between 100 TeV
and 14 TeV. In Section 2.4 we study the validity of the massless approximation for the top quark at a 100
TeV collider. In Section 2.5 we quantify the role of photon and lepton-initiated contributions at 100 TeV,
relevant when electroweak corrections are accounted for. In Section 2.6 we explore the possibility of

1Editor: J. Rojo

4

CHAPTER 1: STANDARD MODEL PROCESSES

4



2

Kinematical coverage

x
-1010 -910 -810 -710 -610 -510 -410 -310 -210 -110

 ( 
G

eV
 )

X
M

1

10

210

310

410

510

Kinematics of a 100 TeV FCC

y=0y=-4y=-8 y=4 y=8

FCC 100 TeV

LHC 14 TeV

Plot by J. Rojo, Dec 2013
Kinematics of a 100 TeV FCC

DY, low-pt jets

W,Z

Higgs, top

2 TeV squarks

20 TeV Z’

Juan Rojo                                                                                                           FCC QCD WG Meeting,  CERN, 16/04/2015

Fig. 1: Kinematical coverage in the (x,MX) plane of a
√
s = 100 TeV hadron collider (solid blue line), compared

with the corresponding coverage of the LHC at
√
s = 14 TeV (dot-dashed red line). The dotted lines indicate

regions of constant rapidity y at the FCC. We also indicate the relevant MX regions for phenomenologically
important processes, from low masses (Drell-Yan, low pT jets), electroweak scale processes (Higgs, W,Z, top),
and possible new high-mass particles (squarks, Z ′).

treating electroweak gauge bosons as massless and their inclusion into the DGLAP evolution equations.
Finally in Section 2.7 we discuss the possible relevance of high-energy (small-x) resummation effects
for a 100 TeV collider.

2.2 PDFs and their kinematical coverage at 100 TeV
We begin by quantifying the kinematical coverage in the (x,MX) plane that PDFs probe in a 100 TeV
hadron collider, with MX being the invariant mass of the produced final states. In Fig. 1 we represent
the kinematical coverage in the (x,MX) plane of a

√
s = 100 TeV hadron collider compared with

the corresponding coverage of the LHC at
√
s = 14 TeV. The dotted lines indicate regions of constant

rapidity y at the FCC. In this plot, we also indicate the relevant MX regions for phenomenologically
important processes, from low masses (such as Drell-Yan or low pT jets), electroweak scale processes
(such as Higgs, W,Z, or top production), and possible new high-mass particles (such as a 2 TeV squark
or a 20 TeV Z ′).

In the low-mass region, for MX ≤ 10 GeV, PDFs would be probed down to x ' 5 · 10−5 in the
central region, y ' 0, and down to x ' 5 · 10−7 at forward rapidities, y ' 5. At even forward rapidities,
for example those that can be probed by using dedicated detectors down the beam pipe, PDFs could
be probed down to x ' 10−8. While these extreme regions of very low x are not relevant for neither
electroweak scale physics nor for high-mass New Physics searches, they are crucial for the tuning of soft
and semi-hard physics in Monte Carlo event generators [19] and therefore it is important to ensure that
the PDFs exhibit a sensible behaviour in this region. Moreover, forward instrumentation would also be
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relevant for the measurement of the total pp cross-section at 100 TeV as well as to provide input for the
modelling of ultra-high energy cosmic ray collisions [20]. The prospects for soft physics at the FCC is
studied in detail in Section 3 of this report.

Concerning the production of electroweak particles such as weak gauge bosons, the Higgs boson
and top quarks, PDFs are probed down to x ' 5 · 10−4 in the central region, y ' 0, and down to
x ' 2 · 10−6 at forward rapidities, y ' 5. This indicates that a good coverage of the forward region
is also instrumental for electroweak scale physics, whose production is much less central than at the
LHC. In the case of Higgs production, if the Higgs can be reconstructed up to rapidities of y ' 4, then
this process would probe PDFs down to x ' 10−5. Therefore, at a 100 TeV hadron collider a good
knowledge of small-x PDFs becomes crucial not only for soft and semi-hard physics, or for low scale
processes such as low-mass Drell-Yan or charm production, but also for electroweak scale processes.

In the high-invariant mass region, MX ≥ 5 TeV, only medium and large-x PDFs would be probed,
and these are currently known with reasonable accuracy, except for very high MX values. For instance,
for the pair-production of 2 TeV squarks, only the knowledge of PDFs for x >∼ 10−3 is required. The
production of multi-TeV heavy particles is of course very central, requiring instrumentation only down
to |y| ' 3 at most. For the heavier particles that can be probed at the FCC, such as a 20 or 30 TeV Z ′,
PDFs have large uncertainties since the very large-x region is being probed, and this region is affected
by the lack of direct constraints, as we discuss below.

In Table 1 we summarize the kinematical coverage in the (x,MX) plane for various phenomeno-
logically important processes at the FCC, both for central, intermediate and forward rapidities. For each
value of the invariant mass MX and the absolute rapidity |y|, the smallest value of Bjorken-x required
corresponds to xmin = (MX/

√
s) exp(−|y|). This table conveys a similar message to that of Fig. 1: at

a 100 TeV hadron collider, accurate knowledge of PDFs is required in a very wide kinematical region,
ranging from ultra low-x to very large-x, and from momentum transfers close to ΛQCD up to the highest
values where the FCC has sensitivity for new heavy particles, MX ' 50 TeV. That is, a huge range
spanning 8 orders of magnitude in x and 10 in Q2.

Process MX xmin

y = 0 |y| = 2 |y| = 4

Soft QCD
1 (10) GeV 10−5 (10−4) 1.4 · 10−6 (1.4 · 10−5) 1.8 · 10−7 (1.8 · 10−6)Charm pair production

Low-mass Drell-Yan
W and Z production

80 (400) GeV 8 · 10−4 (4 · 10−3) 1.1 · 10−4 (5.4 · 10−4) 1.5 · 10−5 (7.3 · 10−5)Top pair production
Inclusive Higgs

Heavy New Physics 5 (25) TeV 0.05 (0.25) 0.007 (-) –

Table 1: Kinematical coverage in the (x,MX) plane for representative processes at a 100 TeV hadron collider.
For each type of process (low mass, electroweak scale processes, and heavy new physics) we indicate the relevant
range for the final-state invariant mass MX and the approximate minimum value of x probed in the PDFs, xmin =
(MX/

√
s) exp(−|y|), for central (y = 0), intermediate (|y| = 2) and forward (|y| = 4) rapidities.

Given this, it is important to verify that available PDF sets have a sensible behaviour in all the
relevant kinematical regions, specially in the extrapolation regions at very small-x and very large Q2

which are not relevant for most LHC applications. The goal here is not to understand similarities or
differences between PDF sets, but to ensure that PDF sets that will be used for FCC simulations have a
physical behaviour in the entire range of x and Q required.

In the following, PDFs are accessed through the LHAPDF6 interface [21], version 6.1.5, with the
most updated grid data files. It should be emphasized the importance of using this specific version,
since previous versions had different options for the default PDF extrapolations. In addition, both the
interpolation accuracy and the treatment of the extrapolation regions, as well as the overall computa-
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Fig. 2: Central values of the gluon (left) and the up quark PDFs (right) at NLO, comparing the ABM12, CT14
and MMHT14 and NNPDF3.0 sets for Q2 = 4 GeV2. All PDF sets shown are NLO except for ABM12 where the
NNLO set is used. In this small-x region, PDF uncertainties (not shown here) can be large, see Fig. 3.

tional performance, have been substantially improved in LHAPDF6 as compared to its Fortran counterpart
LHAPDF5, and therefore the use of the latter for FCC studies should be discouraged.2

We begin by discussing the PDF behavior in the small-x extrapolation region. As shown in Fig. 1,
for low scales and forward rapidities, as those required for the description of soft QCD physics and for
Monte Carlo tuning, knowledge of PDFs would be required down to x >∼ 10−9. In Fig. 2 we show
the central values of the gluon (upper) and the up quark PDFs (lower plots), comparing ABM12, CT14,
MMHT14 and NNPDF3.0 for Q2 = 4 GeV2. All PDF sets shown are NLO except for ABM12 where
the NNLO set is used. The comparison is performed down to x = 10−9, to ensure that the entire
region relevant for FCC studies is covered. In all cases we observe a sensible extrapolation into the very
small-x region. Here we use the default extrapolating settings of LHAPDF6.1.5, and we verified that
the behaviour was instead unphysical if older versions were used, where PDFs were frozen for some
x ≤ xmin threshold.

While in Fig. 2 we only show the central values of the three PDF sets, in the small-x region
these are affected by substantial uncertainties [22] due to the lack of direct experimental constraints, for
instance, the HERA structure functions data stops at xmin ' 5 · 10−5, see for instance the measurement
of the longitudinal structure function FL(x,Q2) [11, 23]. To illustrate this point, in Fig. 3 we show
the relative 68% CL PDF uncertainties at Q2 = 100 GeV2 in the small-x region for the ABM12, CT14,
MMHT14 and NNPDF3.0 NNLO sets. Depending on the model chosen to parametrize PDF uncertainties
towards the region without experimental constraints, we observe a rapid increase in PDF uncertainties
for some sets (CT14, MMHT, NNPDF3.0), where for x < 10−5 uncertainties are already larger than
50%, while other sets (ABM12, but also CJ15, JR14 not shown here) display small PDF uncertainties
down to x = 10−7.

Recently, a number LHC measurements to constrain PDFs at small-x has been proposed. The
use of charmed meson forward production from LHCb has been recently shown [22, 24, 25] to provide
useful constraints on the small-x gluon PDF.3 Another possibility is the use of forward quarkonium
production, such as J/Ψ, which has a similar sensitivity in x [26]. Taking this into account, one expects
that before the FCC start-up our knowledge of the small-x PDFs would be substantially improved. The
corresponding measurements at the FCC have the potential to extend the constrains on the small-x PDF
by almost two orders of magnitude, though here the instrumentation of the forward region will be crucial.
Measurements of very-small-x PDFs are also of direct importance for particle astrophysics, such as the

2In LHAPDF5 the default extrapolation was simply to freeze the PDF below some value of xmin, which could be as high as
10−5 for some widely used PDF sets, which can potentially lead to incorrect results if used for FCC studies.

3The PDF dependence of heavy quark production at a 100 TeV collider is discussed in more detail in Sect. 11 of this report.
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ultra-high-energy neutrino cross-sections [27] and the prompt lepton fluxes [28–30] that are required for
the interpretation of the IceCube astrophysical neutrinos [31].

Another strategy to quantify the relevant range of Bjorken-x for which PDFs are required in the
modeling of soft and semi-hard physics at the FCC is by sampling of the values of x of the PDFs required
in the calculation of Multiple Parton Interactions (MPI) for different values of the collider center-of-mass
energy

√
s. In Fig. 4 we compare the MPI sampling of x between the LHC 7 TeV and the FCC 100 TeV

using Pythia8.2 [32]. The results of the most update tune, Monash 2013 [19] are compared with
the older tunes 2C and 4C [33]. From this comparison we observe that, with the Monash 2013 tune, at
LHC7, PDFs with x >∼ 10−6 lead to a sizable contribution,>∼ 5%, to the MPI distribution. With the same
settings, the FCC100 samples values of x down to x >∼ 10−8, a region far from any direct experimental
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uncertainty in each case. The comparison is presented normalising to the central value of CT14.

constraint. This illustrates the relevance of ultra-low x PDFs for the modelling of soft QCD at a 100 TeV
collider.

Now we turn to discuss the region of large values of Bjorken-x. This region is also affected by
substantial PDF uncertainties due to the limited direct experimental constraints. To estimate the coverage
in the large-x region, it is useful to use the result that for the production of a final state with invariant
mass MX and rapidity y at a hadron collider with center-of-mass energy

√
s, the LO values of the PDF

momentum fractions x1 and x2 are x1,2 = (MX/
√
s) exp(±y). Therefore, for a centrally produced

final-state (y = 0) of invariant mass MX ' 7 TeV (50 TeV) at
√
s =14 TeV (100 TeV) we will have

〈x1,2〉 ' 0.5, while already for slightly non-central production, y ' 0.5, PDFs are being probed up to
x1 ' 0.8 for both colliders.

In Fig. 5 we illustrate the large-x behaviour of the up, down, anti-up quark and gluon PDFs,
evaluated at Q = 100 GeV. We compare the results of the ABM12, CT14, NNPDF3.0 and MMHT14
NNLO PDF sets, with the corresponding 68% CL PDF uncertainty in each case, normalising to the
central value of CT14.4 As discussed above, the central production of a heavy system with MX =
10 (30 or 50) TeV would probe the large-x PDFs for x >∼ 0.1 (0.3 or 0.5) at a 100 TeV collider. As
we can see, while for valence quarks (up and down) PDF uncertainties in the region relevant for heavy
particle production at the FCC are moderate, for the gluon and anti-quarks PDF uncertainties are large,
thus degrading the accuracy of any theory prediction that requires knowledge of PDFs in this region. In
addition, there is a significant spread between the central values of the four sets.

As in the case of small-x, new measurements from the LHC and other experiments should allow to
4In these plots, the ABM12 curves have been obtained using the internal interpolation routine provided by the authors, since

the LHAPDF6 results were found to exhibit poor numerical stability at large x.
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and sea distributions at large x. The solid line denotes the initial PDF p(x, µ0) suppressed by a factor of (1 − x)
for the gluon (left panel) and up quarks (right panel) and the dotted and dashed-dotted lines the respective results
of the evolution up to µ = 20 TeV.

substantially reduce these PDF uncertainties before the start of FCC operations. For instance, the large-x
gluon can be constrained with data on inclusive and differential top quark pair production [34,35]. More-
over, since at large-x and large-Q the gluon and sea quark distributions receive large contributions from
radiation off valence quarks, measurements aiming to constrain these will also lead to improved gluons
and sea quarks in the kinematic region relevant for the FCC. This effect is illustrated in Fig. 6, where we
show the ratio of parton distributions, p(x, µ) with respect to the initial parametrization p(x, µ0) for the
gluon and sea distributions at large x. The solid line denotes the initial PDF p(x, µ0) suppressed by a
factor of (1x) for the gluon (left panel) and up quarks (right panel) and the dotted and dashed-dotted lines
the respective results of the evolution up to µ = 20 TeV. One should also note that, as in the case of small-
x, the behaviour of PDFs in the large-x extrapolation region is sensitive to the underlying assumptions
concerning the PDF parametrization [36].

PDFs at large-x are also affected by a number of theoretical uncertainties, from potential higher
twists, enhanced higher-order threshold logarithmic corrections, or nuclear effects from the inclusion
in the PDF fit of deuteron and heavy nuclear data. A version of NNPDF3.0 including large-x thresh-
old resummation was presented in [37], and then used [38] to produce threshold-improved NLO+NLL
predictions for high-mass squark and gluino production cross-sections at the LHC. This study showed
that threshold logarithms in PDF fits are much smaller than PDF uncertainties, provided NNLO calcu-
lations are used. Therefore, PDFs with threshold resummation do not appear to be required for FCC
studies, since NNLO and N3LO calculations will be the standard by then. Likewise, other theory uncer-
tainties like higher twists and nuclear effects are subleading as compared to PDF uncertainties (see the
discussion in [5,39] and references therein), and moreover by the time the FCC starts operation, reliable
collider-only PDF sets, free of these ambiguities, will be available.

The other kinematic region for which knowledge of PDFs will be required in a previously unex-
plored region is that of very large momentum transfers, for values of Q between 5 TeV and 50 TeV. This
region is relevant for the production of possible massive BSM particles. As opposed to the small- and
large-x regions, the extrapolation into very high Q2 values is determined purely by perturbative DGLAP
evolution, and therefore the only requirement is that that available PDF tabulations of current sets extend
up to 100 TeV. We have verified that this is the case for the modern PDF sets discussed in this chapter.
However, the argument above however holds only for QCD evolution. It should be taken into account
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comparison.

that differences in the upwards evolution in Q2 can arise if the evolution equations are modified, for
instance in the case of electroweak corrections to DGLAP evolution, Section 2.6, or in the presence of
high-energy resummation effects, Section 2.7.

In Fig. 7 we compare, for x = 0.001, the evolution of the central values of the gluon and up quark
PDFs for the NNPDF3.0, CT14 and MMHT14 NNLO sets, from a very low scale, Q = 2 GeV, up to
the highest possible scales that the FCC can reach, Q = 100 TeV. It can be verified, by comparing with
public PDF evolution packages such as HOPPET [40] or APFEL [41], that the tabulated extrapolation up
to very high Q2 of modern PDF sets is consistent with DGLAP evolution as expected.5 We conclude
that, provided modern PDF sets are used, the extrapolation of the DGLAP evolution in Q2 to the region
relevant at the FCC is reliable.

2.3 PDF luminosities at 100 TeV
Parton luminosities are useful to estimate the PDF dependence of hadron collider cross-sections, by
taking into account the most relevant initial-state production channels. While several definitions of the
PDF luminosity can be adopted, in the following we will use the luminosities as a function of the invariant
mass of the produced final state, MX , defined as

Lij
(
MX ,

√
s
)
≡ 1

s

∫ 1

τ

dx

x
fi (x,MX) fj (τ/x,MX) , (1)

where i and j are PDF flavour indices, τ = M2
X/s, and

√
s is the collider center-of-mass energy. Another

useful way of representing PDF luminosities is as two-dimensional functions of rapidity y and invariant
mass MX of the final state,

L̃ij(MX , y,
√
s) =

1

s
fi

(
MXe

y

√
s
,MX

)
fj

(
MXe

−y
√
s

,MX

)
, (2)

which leads to Eq. (1) upon integration over the kinematically allowed range for the rapidity y, that is,

Lij(MX ,
√
s) =

∫ ln
√
s/MX

− ln
√
s/MX

dy L̃ij(MX , y,
√
s) . (3)

5Again, this is not necessarily true for older PDF sets. In some cases the coverage in Q2 was restricted to 10 TeV, and from
there upwards an unphysical (non-DGLAP) extrapolation was used. As in the case of large and small-x, use of these older sets
can lead to incorrect results in the context of FCC simulations.
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Typically PDF luminosities are presented summing over quark flavor indices, and here we adopt the
following convention:

Lqg(MX) =

5∑

i=−5

(Li0(MX) + L0i(MX)) , i 6= 0 ,

Lqq(MX) =

5∑

i=−5

5∑

j=−5

Lij(MX) , i 6= 0 , j 6= 0 , (4)

Lqq̄(MX) =
5∑

i=−5

Li,−i(MX) , i 6= 0 ,

for the luminosities integrated in rapidity Eq. (1), and similar definitions for the double differential lu-
minosities Eq. (2). Eq. (4) can be trivially generalized to the case in which the top quark is treated as a
massless parton.

In Fig. 8 we show the rapidity-integrated PDF luminosities Eq. (1), as a function of the invariant
mass of the system MX , for the PDF4LHC15_nnlo_mc PDF set [5,42], with PDF uncertainties computed
at 68% confidence levels.

We show the gluon-gluon, quark-gluon, quark-quark and quark-antiquark luminosities, normal-
ized to the corresponding central value, for the case of a

√
s = 100 TeV collider. Similar comparisons

in the case of the LHC 14 TeV can be found in [5]. We find PDF uncertainties are at the 5% level for
200 GeV <∼ MX <∼ 5 TeV for all four PDF luminosities. They become more important at larger values
ofMX , relevant for heavy particle searches, and for smaller values of x, relevant for electroweak physics
and semi-hard QCD. For instance, at MX ' 20 TeV the gluon-gluon PDF luminosity has an associated
uncertainty of around 20%. For the production of electroweak scale particles PDF uncertainties are in-
creased when going from the LHC to the FCC, due to the smaller values of x probed in the latter case.
For MX ' 100 GeV, relevant for inclusive Higgs and weak gauge boson production, PDF uncertainties
are around the 10% level. It can also be instructive to plot the absolute PDF luminosities in each channel
together with the corresponding PDF uncertainties, this is done in Sect. 2.5 later in this chapter.

We now turn to discuss the double-differential PDF luminosities, Eq. (2), evaluated for a center
of mass energy

√
s = 100 TeV. In Fig. 9 shows the PDF uncertainties, evaluated as 68% CL, on the

luminosities as a function of MX and of the rapidity y. As above, the PDF4LHC15_nnlo_mc PDF set
is used as input. Fig. 9 represents the contours of constant PDF uncertainties in the different flavour
combinations. One sees that for all flavour combinations, the uncertainties are smallest, of the order
of 1−2%, for pair invariant masses of the order of a TeV. They also all have a characteristic dip at
rapidities of about |y| = 1−2. One may speculate that this is a consequence of an anti-correlation
between moderately large and small-x parton distributions caused by momentum conservation. For
partonic-pair masses at the electroweak scale and in the region above a few TeV, uncertainties grow
larger. In all cases PDF uncertainties grow large near the kinematic boundaries, since these are sensitive
to to PDFs at small and large-x that currently are constrained by few experimental measurements.

Next we compute the ratio of the rapidity-integrated PDF luminosities between 100 TeV and 14
TeV, for different initial-state partonic channels, defined as:

Rij(MX ,
√
s1,
√
s2) ≡ Lij

(
MX ,

√
s1

)

Lij
(
MX ,

√
s2

) , (5)

with
√
s1 = 100 TeV and

√
s2 = 14 TeV. Such ratios provide a convenient rule of thumb to rescale

production cross-sections between 14 and 100 TeV, for processes dominated by a single initial-state
luminosity. Eq. (5) can thus be used to estimate ratios of cross-sections between the different center-
of-mass energies. These cross-section ratios, in addition to providing stringent SM tests and potential
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Fig. 8: The relative uncertainties in the rapidity-integrated PDF luminosity at the FCC with
√
s = 100 TeV

computed with the PDF4LHC15_nnlo_mc set, as a function of the final state invariant mass MX . From left to right
and from top to bottom we show the gluon-gluon, quark-gluon, quark-quark and quark-antiquark luminosities.

PDF-constraining information, could also be used as an alternative method to search for new physics at
the FCC [43].

In Fig. 10 we show the ratio of PDF luminosities, Eq. (5), between the FCC
√
s1 = 100 TeV and

the LHC
√
s2 = 14 TeV, for the four different initial-state channels. These ratios have been computed

with both the NNPDF3.0 and the PDF4LHC15_nnlo_mc NNLO sets, to illustrate that the generically
Rij(MX ,

√
s1,
√
s2) depends only very mildly of the specific input PDF set used. In Fig. 10 we also

include the 68% CL PDF uncertainties in the luminosity ratio, accounting for the correlations between
the results at the two values of the center-of-mass energy. The ratio is computed between MX = 10
GeV and MX = 6 TeV, the highest invariant masses that the LHC can reach. From this comparison, we
observe that for low invariant masses, Mx <∼ 100 GeV, the increase in parton luminosities when going
from the LHC to the FCC is moderate, a factor 10 at most. In this region the luminosity ratio is affected
by large PDF uncertainties, arising from the production of a small MX final state at the FCC, which
probes small-x PDF.

On the other hand, the luminosity ratio increases rapidly as we move away from the electroweak
scale, since these the increase in energy of the FCC dramatically dominates over the large-x fall-off of
the PDFs at the LHC. For invariant masses around MX ' 1 TeV, for instance, the gg, qg, qq̄ and qq
luminosity ratios are ' 100, 50, 20 and 10, respectively. Gluon-initiated processes are those that benefit
more from the increase in center-of-mass energy due to the rapid rise of the gluon PDF at medium-
and small-x from DGLAP evolution. For the highest invariant masses that can be probed at the LHC,
MX ' 7 TeV, the values of the ratios (in the same order) are 105, 104, 5 · 103 and 200. The hierarchy
Rgg > Rqg > Rqq̄ > Rqq is maintained for all invariant masses above MX ≥ 200 GeV.

The results in Fig. 10 can be used to compare with the various ratios of cross-sections between

13

CHAPTER 1: STANDARD MODEL PROCESSES

13



Fig. 9: The contours of constant PDF uncertainty for the double-differential PDF luminosities Eq. (2) evaluated
for a center of mass energy

√
s = 100 TeV, with PDF4LHC15_nnlo_mc PDF set used as input.
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Fig. 10: The ratio of PDF luminosities, Eq. (5), between the FCC
√
s1 = 100 TeV and the LHC

√
s2 = 14

TeV center-of-mass energies, for different initial-state channels, together with the corresponding 68% CL PDF
uncertainties. These ratios have been computed with the NNPDF3.0 (left plot) and PDF4LHC15 (right plot)
NNLO PDFs.

100 TeV and 14 TeV collected elsewhere in this report. In order to facilitate the comparison with ratios
of cross-sections between different center-of-mass energies presented elsewhere in this report, in Table 2
we provide the corresponding numerical values of the PDF luminosity ratios show in Fig. 10 for the case
of the PDF4LHC15_nnlo_mc PDF set.

2.4 The top quark as a massless parton
At a 100 TeV hadron collider, particles with masses around the electroweak scale appear as comparably
light as the bottom quark at the Tevatron collision energy of

√
s ∼ 2 TeV. When a very heavy scale

is involved in the process, the gluon splitting into a top-antitop pair may present a large logarithmic
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MX (GeV) L(100)
gg /L(14)

gg L(100)
qg /L(14)

qg L(100)
qq̄ /L(14)

qq̄ L(100)
qq /L(14)

qq

50 8.8 ± 0.3 6.9 ± 0.3 5.7 ± 0.4 5.9 ± 0.4
58 9.5 ± 0.3 7.4 ± 0.3 5.9 ± 0.4 6.3 ± 0.4
68 10.3 ± 0.3 7.9 ± 0.3 6.3 ± 0.3 6.6 ± 0.3
80 11.2 ± 0.3 8.5 ± 0.3 6.6 ± 0.3 7.0 ± 0.3
94 12.2 ± 0.3 9.1 ± 0.2 7.0 ± 0.2 7.3 ± 0.2

111 13.4 ± 0.3 9.7 ± 0.2 7.4 ± 0.2 7.8 ± 0.2
130 14.7 ± 0.3 10.5 ± 0.2 7.8 ± 0.2 8.2 ± 0.2
152 16.2 ± 0.4 11.3 ± 0.2 8.2 ± 0.2 8.7 ± 0.2
178 18.0 ± 0.4 12.2 ± 0.2 8.7 ± 0.2 9.2 ± 0.2
209 20.0 ± 0.4 13.3 ± 0.2 9.2 ± 0.2 9.8 ± 0.2
245 22.5 ± 0.4 14.5 ± 0.2 9.8 ± 0.2 10.5 ± 0.2
287 25.4 ± 0.5 15.8 ± 0.2 10.5 ± 0.2 11.3 ± 0.2
336 28.9 ± 0.6 17.4 ± 0.2 11.1 ± 0.2 11.9 ± 0.3
394 33.2 ± 0.8 19.3 ± 0.3 12.0 ± 0.2 13.0 ± 0.2
462 38.6 ± 0.9 21.5 ± 0.3 13.0 ± 0.2 14.0 ± 0.2
541 45.1 ± 1.2 24.2 ± 0.3 14.1 ± 0.2 15.2 ± 0.2
634 54.0 ± 1.6 27.4 ± 0.4 15.4 ± 0.3 16.5 ± 0.2
744 65.3 ± 2.2 31.4 ± 0.5 17.0 ± 0.3 18.1 ± 0.2
872 80.8 ± 2.8 36.4 ± 0.6 19.0 ± 0.4 19.9 ± 0.3
1022 101 ± 4 42.9 ± 0.7 21.6 ± 0.5 22.0 ± 0.3
1198 131 ± 6 51.6 ± 1.0 25.1 ± 0.6 24.7 ± 0.3
1403 173 ± 9 63.5 ± 1.4 29.9 ± 0.8 27.9 ± 0.4
1646 238 ± 14 80.3 ± 1.8 37.0 ± 1.1 32.5 ± 0.7
1928 341 ± 25 105 ± 3 47.6 ± 1.8 37.7 ± 0.6
2260 517 ± 45 143 ± 5 65.0 ± 2.9 45.4 ± 0.7
2649 837 ± 90 207 ± 9 94.7 ± 4.9 56.7 ± 1.0
3105 1454 ± 200 322 ± 15 151 ± 9 74.8 ± 1.4
3639 2815 ± 512 546 ± 33 269 ± 18 106 ± 2
4265 6233 ± 1395 1047 ± 84 549 ± 50 168 ± 5
5000 16646 ± 4557 2356 ± 249 1366 ± 207 308 ± 10

Table 2: Numerical values of the ratios of PDF luminosities, Eq. (5), between
√
s1 = 100 TeV and

√
s2 = 14

TeV computed with the PDF4LHC14_nnlo_mc set. The graphical representation of these ratios is presented in
Fig. 10 (right).

enhancement. For Q ∼ 10 TeV, for instance, αs(Q) log(Q2/m2
t ) ∼ 0.6, which makes a perturbative

expansion of the hard process questionable. Therefore, one might wonder if the concept of top quark
PDF is relevant at the FCC, just as charm and bottom PDFs are commonly used in LHC calculations.
The question is then what is more suitable and advantageous, from a calculational point of view, to use
at the FCC: a fixed-flavor number (FFN) scheme, where the top is a massive quark, or a variable-flavor
number (VFN) scheme, where the top is a massless parton? The discussion is thus completely analogous
to the case of bottom quarks at the LHC [44].

As with the charm and bottom quarks, introducing a PDF for the top quark inside the proton
allows us to resum potentially large collinear logarithms of the form αns (Q) logn(Q2/m2

t ) to all orders
in perturbation theory. The generalization of the DGLAP evolution equations to include a top PDF
up to NNLO is straightforward, and indeed most modern PDF sets provide variants where the maximum
number of light quarks in the PDF evolution is set to nf = 6. Indeed, the majority PDF fits are performed
in a VFN scheme with a maximum of nf = 5 light partons, since in the fitted hard cross-sections top
is always treated as a massive quark, and the resulting PDFs at µF = mt can then be used as boundary
condition to construct the nf = 6 PDFs including a top quark.

In Fig. 11 we show the top quark PDF, evaluated at Q = 10 TeV, compared with the other light
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 At the FCC, can we consider the top quark as massless?  !
 This question is a purely practical: what is computational scheme is more advantageous for FCC 
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Fig. 11: Left plot: the top quark PDF compared with the other light partons, in the NNPDF2.3NNLO
nf = 6 PDF set evaluated at Q = 10 TeV. Right plot: Ratio between the gluon PDF in the nf = 5 and
nf = 6 factorization schemes, as a function of the factorization scale Q.

partons, in the case of the NNPDF2.3NNLO nf = 6 PDF set [45]. We observe that the top quark PDF
can be of a similar size as the light quark PDFs, in particular at medium and small-x, the region where the
effects of DGLAP evolution are dominant. We also see that the charm and bottom PDFs are essentially
indistinguishable from the light quark PDFs for x <∼ 10−3. In Fig. 11 we also show the ratio between
the gluon PDF between the nf = 5 and nf = 6 schemes, as a function of the factorization scale Q.
We observe that the differences between the two schemes can be up to several percent for Q ≥ 1 TeV, a
region well covered by the FCC kinematics. Therefore, the use of the nf = 6 scheme would also have
implications for precision calculations involving gluons and light quarks, and not only those with initial
state top quarks.

So while technically generating a top quark PDF is straightforward, it still needs to be determined
if it provides any calculational advantage over using the standard FFN scheme approach, where the top
quark is always treated as massive, even for the extreme energies of a 100 TeV collider. This issue has
been recently studied in [46, 47], both reaching similar conclusions: a purely massless treatment of top
quarks is unreliable even at the FCC, but the concept of a top quark PDFs is certainly relevant in the
context of matched calculations. To illustrate this point, in the left plot of Fig. 12, taken from [46],
we show a comparison of calculations in the 5-flavor, massless 6-flavor, and ACOT matched [48, 49]
schemes for the inclusive production of a hypothetic heavy scalar, labeled H0, at a 100 TeV proton-
proton collider. This calculation uses as input the NNPDF2.3NLO nf = 6 set [45]. The ACOT scheme
shows the desired behavior of interpolating between the region near the top threshold and the very high
energy limit (where collinear logarithms in the top quark mass become large). It should be stressed that
the simplest LO nf = 6 calculation is unreliable even for masses as large as 10 TeV, indicating that the
minimum scale above which a parton interpretation for the top quark becomes justified is much larger
than the top mass itself.

The fact that the massless approximation for top production works rather worse than for charm and
bottom quarks can be traced back, at least partially, to the fact that the resummed collinear logarithms
are substantially smaller as compared to the other heavy quarks. This is illustrated by the right plot
in Fig. 12, taken from [47], which compares the size of the collinear logarithm αs(µ) lnµ2/m2

q as a
function of the ratio µ/mq for the three heavy quarks: charm, bottom and top. Even for very large
ratios µ/mq ∼ 100, the need for resummation of collinear logarithms in the top quark mass is not
evident, since αs(µ) lnµ2/m2

q , while being large, is perturbative in the relevant kinematical range. This
is opposed to charm, and to a lesser extend bottom, whose corresponding logarithms eventually become
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Fig. 12: Left plot: Inclusive cross section for H production with Yukawa coupling y = 1 at 100 TeV
versus its massmH , in the 5-flavor scheme (bottom blue), the 6-flavor scheme (upper red), and the ACOT
scheme (middle black), from [46]. Right plot: the size of the collinear logarithm αs(µ) lnµ2/m2

q as a
function of µ/mq for charm, bottom and top, from [47].

non-perturbative and require collinear resummation. One reason that partially explains this difference
is the fact that αs(mt) � αs(mc), which allows a much larger lever arm in Q before resummation is
required.

So in conclusion, current studies indicate, while the purely massless approximation for top quarks
is unreliable even at the extreme FCC energies, the concept of top quark PDF is certainly useful in order
to construct matched calculations. This way, one can supplement and improve massive fixed-order calcu-
lations with all-order resummations of collinear logarithms in matched schemes such as ACOT [48, 49]
or FONLL [50, 51]. For example, as shown in the heavy quark chapter of this report, Section 11, it is
possible to generalize the FONLL calculation for the phT distribution in for heavy flavor differential distri-
butions [50] to the case of top quark production at the FCC. The matched calculation is found to provide
a more precise estimate in the region of transverse momenta up to 10 TeV. Eventually, this matching can
be performed up to NNLO order, using the corresponding calculations for jet production [14] and for top
quark production [15].

2.5 Photon- and lepton-initiated processes at 100 TeV
A 100 TeV Future Circular Collider is bound to probe the interactions of elementary particles at extreme
energies with high accuracy. In order to correctly identify possible BSM effects, the theoretical predic-
tions for the SM processes have to match the precision of the corresponding experimental measurements.
In other words, the impact of higher-order corrections on phenomenological predictions has to be under
control. To this purpose, the computation of NLO QCD corrections is necessary, but often not sufficient.
In fact, at fixed order the inclusion of the NNLO QCD corrections in QCD as well as of the EW correc-
tions is in general desirable and in particular cases even essential. The implications of higher-order EW
corrections to matrix elements for FCC processes is discussed elsewhere in this report.

In order to formally achieve the desired level of accuracy, not only the matrix elements of the
hard processes, but also the parton distribution functions (PDFs) of the proton, have to be known at
the same level of precision. While most PDF groups provide since some time PDF sets accurate up to
NNLO in QCD [7–11], for EW corrections the situation is less satisfactory. Indeed, EW corrections
require the calculation of photon-induced processes, and thus PDFs both with QED effects in the evo-
lution and with a determination of the photon PDF γ(x,Q) are necessary for consistent calculations.
In this respect, a number of PDF sets with a photon PDF and QED effects are available in LHAPDF:
MRST2004QED [52], NNPDF2.3QED [53] and the recent CT14QED [54]. In addition, PDF evolu-
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tion with QED effects has been implemented in the APFEL PDF evolution program [41, 55] at LL, and
inclusion of NLL QED splitting functions [56] is underway.

The determination of the photon PDF obtained by the three groups differ in a number of important
aspects. First, different data sets are used in the fits. Second, the form of the photon distribution at
the initial scale Q0 is different. Finally, the DGLAP evolution from Q0 to the final scale Q is not the
same in all cases. As far as the functional form of the PDF at the initial scale γ(x,Q0) is concerned,
NNPDF2.3QED only assumes that the photon PDF is positive-definite. In a first step, PDF replicas for all
partons are fitted to deep-inelastic structure functions, which only provide very loose constraints on the
photon PDF. In a second step, the photon PDF is constrained from LHC Drell-Yan data. This constraint
enters at LO, however, because the photon-initiated component of Drell-Yan production is small, even
the relatively precise LHC data constrain the photon PDF only weakly. In particular, since no data is
available at large x and no functional form is assumed, in this region PDF uncertainties on γ(x,Q) turn
out to be quite large.6

In contrast to the NNPDF2.3QED determination, the CT14QED and MRST2004QED sets are
based on the assumption that the functional form of the photon PDF at the initial scale can be determined
by the valence-quark distributions. In essence, they are given by a convolution of valence-quark distribu-
tions with the Pγq splitting functions, with a normalization for the up- and down-type distributions that
differ in the two approaches. Determining the photon PDF reduces then to fixing one or two parameters in
the CT14QED and MRST2004QED approaches, respectively. For the CT14QED, set the constraints are
obtained by fitting ZEUS data for the production of isolated photons in DIS, while for MRST2004QED
an assumption is made for the normalization coefficients and no data are used to constraint the photon
PDF.

Recently the CT collaboration also released a photon PDF that includes the elastic component
of the photon PDF (CT14QEDinc) obtained in the so-called photon equivalent approximation, which
involves an integration over the proton electromagnetic form factors. In fact, the photon PDF, unlike the
quark and gluon PDFs, has a large elastic component in which the proton remains intact (see [58–60] and
references therein). This component has not been discussed in the NNPDF2.3QED and MRST2004QED
fits, but is included in the photon PDF determination of [59]. Another important difference is connected
to the DGLAP evolution: in the evolution of the CT14QED and MRST2004QED the scale is evolved
simultaneously for the QCD and for the QED evolution, while in the NNPDF2.3QED approach the two
scales run independently. Very recently, in Ref. [61], the NNPDF3.0QED set has been derived, which
combines the NNPDF3.0 quark and gluon PDFs with the NNPDF2.3 photon PDF using the same solution
of the DGLAP equations as CT14QED and MRST2004QED.

All these differences result in predictions for the photon PDF from different sets that are not
always compatible. In particular, as compared to NNPDF2.3QED, the CT14QED and MRST2004QED
photon distribution functions are softer at large x, and exhibit smaller PDF uncertainties due to their
more restrictive parametrizations. It will be important to understand and resolve the sources of these
differences between QED PDF sets. In the following we will present results based on the NNPDF2.3QED
set, with the caveat that conclusions could be rather different if other QED sets were used as input to the
calculations.

At very high energies, even PDFs for electroweak massive gauge bosons might be required, and
this possibility is discussed in Section 2.6 below. On top of the photon-induced processes, higher-order
EW corrections also induce lepton-initiated channels whose computation formally requires the knowl-
edge of the leptonic content of the proton [62]. To determine the lepton PDFs, the first step is to include
them in the DGLAP evolution equations with QED corrections [62], which mixes the evolution of the
lepton and photon PDFs with that of quarks and gluons. Next one needs to adopt suitable boundary
conditions i.e., the initial scale lepton PDFs. Since a determination of lepton PDFs from data is hardly

6High-statistics Drell-Yan measurements at the LHC such as the recent ATLAS 8 TeV high-mass analysis [57] should
provide additional information in this region.
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achievable because of their smallness, here we assume that the light lepton PDFs, i.e., electrons and
muons, are purely generated by photon splitting at the respective mass scales.

Under this assumption, one can approximate their distributions at the initial scale Q0 ' 1 GeV as:

`±(x,Q0) =
α(Q0)

4π
ln

(
Q2

0

m2
`

)∫ 1

x

dy

y
P

(0)
`γ

(
x

y

)
γ(y,Q0) , l± = e±, µ± , (6)

with α the QED running coupling constant. The τ± lepton PDFs are then dynamically generated from
threshold using the standard variable-flavour-number scheme [48, 51, 63]. Here we will use use the
apfel_nn23qednlo0118_lept set of PDFs [62] generated starting from the NNPDF2.3QED NLO set
using the Ansatz in Eq. (6) for the light lepton PDFs.

Before studying the size of photon- and lepton-initiated processes at a 100 TeV collider, it is
useful to study the behaviour of the parton luminosities of the different initial states, by including also
photon and leptons initiated processes. Parton luminosities can either be defined as a function of MX ,
the invariant mass of the final state, as done in Eqns. (1)–(4), or in terms of y, the rapidity of the final
state, integrating over the invariant mass,

Ψij(y) ≡ 2e−2y

∫ e−y

√
τcutey

dxxfi(x,
√
sxe−y)fj(xe−2y,

√
sxe−y) , (7)

with τcut ≡ M2
X,cut/s. In Eq. (7) the lower bound of the integral, proportional to

√
τcut, implies that

MX ≥MX,cut.

In Fig. 13 we compare the size and the shape of the different parton luminosities for an hadron
collider with a center of mass energy

√
S = 100 TeV, both as a function of the invariant mass MX

(left plot) and of the final-state system rapidity y (right plot). For the rapidity-dependent luminosities,
we impose a cut of MX,cut = 10 GeV. In Fig. 13 we also plot the corresponding 68% confidence
level PDF uncertainties for each luminosity type, separating the luminosities involving photon or lepton
PDFs (central panel) and those involving only quarks or gluons (lower panel). The central value of the
luminosities is assigned to be the midpoint of the 68% confidence level interval, and thus by construction
PDF uncertainties will not exceed 100%, as can be seen in the central panel of Fig. 13 (left).

The relative size of the plotted luminosities follows the expected pattern. In general, the photon
PDF suppresses the luminosity by a factor of α ' 10−2 with respect to the (anti)quark PDFs and, anal-
ogously, the lepton PDFs suppress the luminosity by an additional factor of α with respect to the photon
PDF. This can be easily seen in Fig. 13, e.g. by comparing Φγ`(Ψγ`) with Φγγ(Ψγγ) and Φ`+`−(Ψ`+`−),
the three lowest curves. However, from Fig. 13 we also notice that this hierarchy is not satisfied at large
invariant masses. In this kinematic region, largeMX , one is probing PDFs at rather large values of x, and
here the pure-QCD luminosity combinations, Φqq̄, Φgq and Φgg, become closer to the luminosities in-
volving photons and leptons, with important phenomenological implications: as opposed to the naive ex-
pectation, photon- and lepton-initiated contributions can become as large as the standard quark-initiated
contributions. However, it is important to keep in mind that the uncertainty in the NNPDF2.3QED lumi-
nosity determinations involving photons (shown in the middle panel of Fig. 13) is very large, and that the
NNPDF2.3QED results are not compatible with other determinations that instead predict a lower photon
PDF effects at large MX . In the NNPDF approach, it can be shown that this effect is partially caused by
the relative behaviour of the strong coupling αs with respect to the QED coupling α as functions of the
scale MX , together with the fact that PDF uncertainties for the photon (and thus for the lepton) PDFs at
large-x are huge, ≥ 50% for MX ≥ 10 TeV, see the central panel of Fig. 13 (left).

From Fig. 13 we also see that, contrary to the Φij(MX) luminosities, the rapidity-dependent lumi-
nosities Ψij(y) maintain the same hierarchy all over the range in y. The reason for this is that the value of
the final state system rapidity y is not directly related to the value of MX , which also in this case is used
as factorisation scale. Thus, the previous argument justifying the suppression of the QCD luminosities
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Fig. 13: PDF luminosities for the quark-quark (qq), quark-antiquark (qq̄) and gluon-gluon (gg) initial
states compared with the different photon- and lepton-initiated channels, as a function of the invariant
mass MX of the final-state system (left) and of its rapidity y (right). The central and lower panels show
the corresponding 68% confidence level PDF uncertainties in the various cases. Note that in the right
plot the rapidity y is that of the final-state system, not the rapidity of the final-state particles. In the
rapidity-dependent luminosity, the minimum value of the final-state invariant mass is set to MX,cut = 10
GeV.

with respect to the QED ones does not apply for the case of Ψij . Note that for the rapidity-dependent
luminosity in Fig. 13, the rapidity y is that of the final-state system (say a Z ′ boson in inclusive Z ′

production), not the rapidity of the final-state particles (in this case the leptons from the Z ′ decay).

Following this discussion of the PDF luminosities including photon- and lepton-initiated channels,
now we present predictions for electroweak production processes at a 100 TeV hadron collider. We
concentrating on the differential distributions as a function of the final state invariant massMX , allowing
a direct mapping with the corresponding PDF luminosities collected in Fig. 13. Our results have been
obtained with MADGRAPH5_AMC@NLO [64] using the apfel_nn23qednlo0118_lept PDF set. The
relevant SM input parameters have been set to the following values:

αs(mZ) = 0.118 , GF = 1.16639× 10−5 ,

mZ = 91.1876 GeV , mW = 80.385 GeV ,

mH = 125 GeV , ΓZ = 2.4952 GeV , ΓW = 2.085 GeV . (8)

The masses of all quarks (except the top quark) and leptons are neglected. We set the renormalisation
and factorisation scales to µF = µR = HT /2, where HT is the scalar sum of the transverse masses of
the final-state particles. We restrict ourselves to LO results at the parton level, since NLO corrections and
parton shower effects would not modify qualitatively the results. We separately identify the contributions
from initial states with only (anti)quarks and gluons, initial states with at least one photon and no leptons,
and initial states with at least one lepton.

In this report, we aim only to disentangle the contributions of the photon and lepton-initiated
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Fig. 14: Upper panel: the invariant mass distribution in e+e− production at a 100 TeV hadron collider.
In the left plot, the transverse momentum of the leptons must satisfy a pe

±
T ≥ 10 GeV cut, while in the

right plot the pT selection requirement is pe
±
T ≥ 100 GeV and in addition there is a rapidity acceptance

requirement of |ηe± | ≤ 4. The center panels shows the relative contribution of each initial state, while
the lower panel shows the corresponding PDF uncertainty in each case.

channels compared to the quark and gluon initiated channels for 100 TeV processes. A more refined
phenomenological study of these processes would require to include the NLO EW corrections, which in
general cannot be neglected. The interplay between photon-initiated processes and NLO EW corrections
have been studied, among others, in [65] for neutral current Drell-Yan and [66] for WW production, as
well as in [67] for squark-antisquark production.

We start by considering the case of the production of an electron-positron pair at
√
s = 100 TeV.

At leading order we have the usual quark-antiquark annihilation diagram (neutral current Drell-Yan), and
in the presence of EW corrections we also need to account for the photon-photon electron-positron initial
states. Similarly, also µ+µ− and τ+τ− initial states can contribute to the corresponding final states. Each
initial state leads to a different contribution to the MX invariant mass distributions: qq̄ has a s-channel
diagram, γγ has t-and u-channel diagrams, while the e+e− initial state has s- and t-channel diagrams.
These three partonic processes yield LO cross sections of O(α2), thus they all contribute to the same
order in the perturbative expansion.

In Fig. 14 we show the invariant mass distribution of the lepton pair in neutral Drell-Yan production
at a 100 TeV hadron collider for me+e− ≥ 5 TeV. We also investigate how the results are modified in the
presence of realistic acceptance cuts. In the left plot of Fig. 14, the transverse momentum of the leptons
must satisfy a pe

±
T ≥ 10 GeV cut, while in the right plot the pT selection requirement is pe

±
T ≥ 100 GeV

and in addition there is a rapidity acceptance requirement of |ηe± | ≤ 4. The center panels shows the
relative contribution of each initial state, while the lower panel shows the corresponding PDF uncertainty
in each case.

We see that in the case of loose (and unrealistic) acceptance cuts, left plot of Fig. 14, the contribu-
tion of the `+`− channel is not negligible and is even dominant for me+e− ≥ 5 TeV. This behaviour is
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Fig. 15: Same as Fig. 14, now we showing the total integrated cross-section above a minimum value of
the invariant mass of the dilepton pair mmin. The leptons are required to have a transverse momentum
pe
±
T ≥ 100 GeV and to lie in the rapidity range |ηe± | ≤ 2.5 (4.0) in the left (right) plot.

due to the fact that the partonic cross-section for the e+e− → e+e− process with massless electrons has
a collinear divergence for electrons collinear to the beam pipe. However, once a reasonable acceptance
cuts in the lepton transverse momentum pe

±
T ≥ 100 GeV and in their rapidity |ηe± | ≤ 4, the contribution

of the `+`− initial state is strongly suppressed (right plot).

Note also that, even for realistic acceptance cuts, the photon-photon initiated contribution is ≥
10% for all the range in invariant mass, although with very large associated uncertainties, and thus
is mandatory to include it in any precision calculation. Part of this effect is the consequence of the
relative behaviour of the MX -differential luminosities shown in the left panel of Fig. 13 where the Φγγ

luminosity is relatively less suppressed as compared to Φqq̄ at large invariant masses. Moreover, the qq̄-
channel receives an additional kinematic suppression due to s-channel diagrams that are instead absent
in the γγ-channel. We also note that the γγ contribution is affected by very large PDF uncertainties,
but these will have been greatly reduced before the start of the operations of the FCC thanks to the full
exploitation of the constrains from the LHC data [4].

In Fig. 15 we show the total integrated cross-section for the production of a dilepton pair at
√
s =

100 TeV with invariant mass above a given thresholdmmin. The final-state leptons are required to have a
transverse momentum pe

±
T ≥ 100 GeV and to lie in the rapidity range |ηe± | ≤ 2.5 (4.0) in the left (right)

plot. Given the integrated luminosities expected at the FCC, we see that one can expect sizable rates of
dilepton events with invariant masses above 20 TeV. As in Fig. 14, the contribution of the lepton PDFs
is negligible once the calculation is restricted to the experimentally accessible region. At the highest
possible invariant masses, the contribution from the γγ initial state could be as large as that from the qq̄
initial state, although current uncertainties on the photon PDF are still too large to draw any definitive
conclusion.

Next we turn to the production of electroweak gauge boson pairs at 100 TeV, in particular, we con-
sider at W+W− production with undecayed W bosons. A more detailed study of di-boson production
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Fig. 16: Same as Fig. 14 for the production of W+W− pairs at a 100 TeV hadron collider. In the left
plot we have not imposed any acceptance cut, while in the right plot the rapidity of the electroweak gauge
bosons is required to satisfy |ηW± | ≤ 4.

at 100 TeV can be found in Section 7 of this report. In the calculation, we keep the W boson stable so
that we can estimate the effects due only to the `+`− luminosity, as opposed to also the matrix-element
enhancements. In Fig. 16 we show the differential distributions for the invariant mass of the di-boson
pair mW+W− using the same format as for di-lepton production in Fig. 14. In the left plot we have
not imposed any acceptance cut, while in the right plot the rapidity of the electroweak gauge bosons is
required to satisfy |ηW± | ≤ 4.

First of all, we observe that also for W+W− production the contribution from the lepton PDFs
can be safely neglected, as was the case in di-lepton production. On the other hand, the photon-initiated
contribution dominates over the quark-antiquark annihilation for mW+W− ≥ 7.5 TeV in the case of
realistic selection cuts. One should however take into account that this γγ contribution is affected by
very substantial PDF uncertainties for all the relevant range of mW+W− values.

As in the case of di-lepton production, the increase of the relative importance of the γγ channel
for large mW+W− is consistent with the behaviour of the Φγγ and Φqq̄ luminosities shown in Fig. 13.
Again, no suppression from s-channel diagrams is present in γγ → W+W− production, leading to a
further relative enhancement with respect to the qq̄ channel at high mW+W− . On the other hand, in the
γγ-channel the W bosons are produced more peripherally than in the qq̄-channel. Therefore, the cut
in pseudorapidity reduces the relative impact of the γγ channel, but it does not modify the qualitative
conclusions.

In Fig. 17 we show a similar comparison as that in Fig. 16, but now plotting the total integrated
cross-section above a minimum value of the invariant mass of the W+W− pair mmin, rather than the
cross-section per bin. The rapidity of the W bosons is restricted to lie in the |ηW± | ≤ 2.5 (4.0) region
in the left (right) plot. Therefore, the rates for di-boson production will be substantial even for invariant
masses as large as mmin ' 20 TeV, specially if also hadronic decay channels can be reconstructed.

To summarize, in this contribution we have explored the impact of photon- and lepton-initiated
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Fig. 17: Same as Fig. 16, now showing the total integrated cross-section above a minimum value of
the invariant mass of the W+W− pair mmin. The rapidity of the W bosons is restricted to lie in the
|ηW± | ≤ 2.5 (4.0) region in the left (right) plot.

contributions to electroweak processes at a 100 TeV hadron collider. We find that both for Drell-Yan and
for WW production, the contribution from the γγ initial state is comparable to that from qq̄ annihilation
within the large uncertainties of the former. While the photon-initiated contribution currently is affected
by large PDF uncertainties, this should not be a major issue at the FCC since these uncertainties can be
substantially reduced using the information from available and future LHC measurements. We also find
that, provided realistic acceptance cuts are imposed, the contribution from lepton-initiated processes is
as expected completely negligible.

2.6 Electroweak gauge bosons as massless partons
For processes that involve energies much greater than the electroweak scale, it might be more adequate
to treat massive electroweak gauge bosons as massless partons, in a way similar to what can be done
with heavy quarks; see Sect. 2.4. The justification to consider EW bosons as initial-state partons at very
high energies is discussed in more detail in Sect. 4.4, where relevant technical issues are addressed. In
this section, we present instead some preliminary results for the effects of including weak gauge bosons
as massless partons into the DGLAP evolution equations for parton distributions.

Electroweak evolution equations are substantially more involved than their QED and QCD coun-
terparts; see [68] and references therein. However, one can obtain a first approximation of their effects
by studying the fixed-order splitting rates of quarks into W and Z bosons. This approach, which gener-
alizes the usual Weizsäcker-Williams calculation for collinear photon radiation off a relativistic charge,
is known as the effective W approximation [69, 70]. Note that this approximation formally breaks down
when the interference between transverse and longitudinal polarizations is important [69]. Sub-dominant
contributions to this approximation include power corrections of O(M2

W/Z/Q
2) [71] as well as higher-

order perturbative QCD [71, 72] and EW corrections [71].

One major novelty is the appearance of longitudinal polarization modes. For radiation of a W
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boson off an unpolarized light quark q in the initial state, carrying an energy fraction z ≡ EW /Eq, in
the limit where EW � mW the leading-order transverse and longitudinal W content of the proton [69]
is then given by:

fWT∈q(z,Q
2) =

C2
V + C2

A

8π2

(
1 + (1− z)2

z

)
log

(
Q2

M2
W

)
, (9)

fW0∈q(z) =
C2
V + C2

A

4π2

(1− z)
z

, CV = −CA =
g

2
√

2
.

Up to the different gauge couplings CV and CA, the expressions for the Z boson radiation off quarks are
identical [69, 70]. It should be mentioned though that in some cases, interference with photon emissions
might become sizable, requiring a coherent mixed-state treatment [68].

The scale Q appearing in Eq. (9) in the logarithm for transverse emission is a maximum (space-
like) virtuality cutoff or transverse momentum cutoff, typically set by the scale of the hard process in
which the W is participating. For Q � MW , the logarithm asymptotically diverges, necessitating
collinear resummation, in close analogy with massless gauge theories. Numerically, the impact of this
resummation at FCC energies has not yet been assessed. In this respect, the interplay with QCD evolution
might be particularly important, as the quark PDFs that source the heavy vector PDFs does evolve appre-
ciably between O(100 GeV) and O(10 TeV). The integrated longitudinal structure function in Eq. (9),
by contrast, does not contain a logarithm. This is because longitudinal emission off of massless fermions
is only possible at transverse momentum scales of order MW , and does not receive further contributions
as we integrate out to higher momentum scales. This behavior is a manifestation of the Goldstone Boson
equivalence theorem [73,74]: when the transverse momentum becomes much larger than the weak scale,
longitudinal gauge bosons act like Goldstone bosons, and thus decouple from light fermions.

Fixed-order (unresummed) weak boson PDFs for the proton can be obtained by a convolution of
the above distributions with the standard quark PDFs,

fW∈P (ξ,Q2
W , Q

2
q) =

∑

q

∫ 1

ξ

dz

z
fW∈q(z,Q2

W ) fq∈P

(
ξ

z
,Q2

q

)
. (10)

Note that in performing this procedure, the energy fractions of the electroweak gauge bosons are implic-
itly bounded from below by MW /Eq, else the effective W approximation is not valid. In Eq. (10) we
have also allowed for independent factorization scales for the quarks and for the vector boson. Due to
the strong-ordering effect, we must have QW ≥ Qq.

For transverse vector bosons, QW should be evaluated near the hard process scale. To the ex-
tent that the fixed-order approach is adequate, also choosing Qq near the hard process scale is naively
appropriate. However, since quarks of a given virtuality can only source vectors at larger virtualities,
there is intrinsically some error implicit in this choice. Similarly, a choice Qq ∼ MW would miss po-
tentially O(10%–100%) corrections from QCD evolution. The best scale choice of Qq for a fixed-order
treatment of the electroweak PDFs likely lies somewhere in between. For longitudinal vectors there is
less ambiguity. Since they are only resolved out of the quarks at Q ∼ MW , quark PDFs evaluated near
MW are likely adequate. As explained above, the longitudinal structure functions fW0∈q do not contain
explicit scale dependence. In the following we will for simplicity set Qq = QW for transverse bosons,
and Qq = MW for longitudinal.

At a hadron collider, we define partonic luminosities by the general formula

dLij
dτ

(Q2
i , Q

2
j ) =

1

(δij + 1)

∫ 1

τ

dξ

ξ

[
fi∈P

(
ξ,Q2

i

)
fj∈P

(
τ

ξ
,Q2

j

)
+ fi∈P

(
τ

ξ
,Q2

i

)
fj∈P

(
ξ,Q2

j

)]
,

(11)
where τ ≡ s/S is the ratio between the partonic

√
s and hadronic

√
S center-of-mass energies squared.

Luminosities involving massive vector bosons can be derived by plugging Eq. (10) into Eq. (11). Leaving
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We compare the standard qq′ luminosity with the luminosities involving photons and electroweak gauge
bosons.

for simplicity the factorization scales implicit, one finds the following result for the qW luminosity

dLqW
dτ

=

∫ 1

τ

dξ

ξ

∫ 1

τ/ξ

dz

z

∑

q′

[
fq∈P (ξ)fW∈q′(z)fq′∈P

(
τ

ξz

)
+ fq∈P

(
τ

ξz

)
fW∈q′(z)fq′∈P (ξ)

]

(12)
while for the different WW processes the corresponding luminosities are instead

dLWW ′

dτ
=

1

(δWW ′ + 1)

∫ 1

τ

dξ

ξ

∫ 1

τ/ξ

dz1

z1

∫ 1

τ/ξ/z1

dz2

z2
·

∑

q,q′

[
fW∈q(z2)fW ′∈q′(z1) fq∈P (ξ)fq′∈P

(
τ

ξz1z2

)
+ fW∈q(z2)fW ′∈q′(z1) fq∈P

(
τ

ξz1z2

)
fq′∈P (ξ)

]
. (13)

In Fig. 18, we represent the parton luminosities Eq. (11) for various initial states at a 100 TeV
hadron-hadron collider. We include as well the photon PDF, derived analogously to the transverse W
PDF, using an effective virtuality cutoff at Λγ =

√
1.5 GeV2 ≈ 1.22 GeV, and again ignoring possible

coherence effects with Z emission within the region Q >∼ MZ . Note that below the cut-off Λγ , the
PDF should be matched with the non-perturbative intrinsic photon PDF [53, 75, 76], see Sect. 2.5 for a
discussion of recent determination non-perturbative photon PDF. For most of the luminosities, a common
factorization scale of Q2 = s/4 is used, with

√
s the partonic CoM energy. For the longitudinal W , we

choose to use instead Q2 = M2
W . In Fig. 19 we also show the ratio the various partonic luminosities

shown in Fig. 18 between center-of-mass energies of 100 TeV and 14 TeV. Note also that the photon-
initiated luminosities can be substantially enhanced once the non-perturbative photon PDF γ(x,Q2

0) is
taken into account.

One immediate observation from comparing the WTγ and WTWT luminosities is their similarity.
That transverse weak bosons begin to appear on the same footing as photons is a manifestation of the
restoration of EW symmetry. The longitudinal bosons are sourced from the quarks as described above
without a logarithmic enhancement, and hence with individual splitting rates that are log(s/4m2

W ) ∼
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Fig. 19: Ratio of the various partonic luminosities shown in Fig. 18 between center-of-mass energies of
100 TeV and 14 TeV.

O(3− 10) times smaller than their transverse counterparts at multi-TeV energies. This leads to O(10−
100) times smaller luminosities.

For the vector-boson-fusion (VBF) process initiated by the longitudinal bosons, the electroweak
PDF approach effectively integrates out the usual forward tagging jets, treating them as part of the
“beam”. This of course becomes progressively more justifiable at higher partonic CM energies, as the
tagging jets with pT ∼ MW will appear at extremely high rapidities, and may anyway become a less
distinctive feature to discriminate against backgrounds in the presence of copious QCD initial-state ra-
diation at similar values of the transverse momentum. From a practical perspective, the ability to treat
VBF as a 2 → 2 process rather than 2 → 4 would significantly reduce the computational burden for
event simulation. The tagging jets can then be resolved using the usual initial-state radiation machinery,
appropriately adapted for this unique electroweak splitting process. In particular, merging with a matrix
element description for higher pT may remain important for obtaining a detailed understanding of central
jet vetoes. Nonetheless, this might still be simplified to a 2 → 3 scattering question by exploiting the
electroweak PDFs.

Similar considerations apply to other processes involving longitudinal weak bosons in the initial
state, such as the production of heavy top- or bottom-partners through W0b or Z0b fusion. The elec-
troweak PDF approach may also be useful for new physics processes involving initial-state transverse
bosons, such as resonant production of a heavy graviton or enhanced continuum scattering from higher-
dimensional operators. In particular, due to the large SU(2)L non-abelian self-coupling, collinear-
enhanced secondary radiation of weak bosons from the initial state may become relevant at the level
of 10’s of percent. Subtly, emissions of this type will affect not only the energy spectrum of the initial
weak bosons, but also their isospin composition. These effects can only be efficiently captured in the
fully interleaved QCD+EW DGLAP evolution.

2.7 High-energy resummation of PDF evolution
When Bjorken-x is small enough, logarithms of the form lnk 1/x in the DGLAP splitting functions
and in partonic matrix elements become numerically large, and might hamper the standard perturbative
expansion. In principle these logarithms should thus be resummed to all orders in the strong coupling
αS(Q2) for those processes that probe the small-x region. On the other hand, so far there is no conclusive
evidence for the onset of high-energy resummation in HERA or LHC data, though the recently reported
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instability of QCD fits to the legacy HERA combination in the small-x and Q2 region is certainly tan-
talizing [11, 77, 78]. As summarized in Fig. 1, the FCC will probe small values of x for many relevant
processes, and thus it is important to assess the importance of such logarithms and of their resummation
in the context of FCC phenomenology. It is the purpose of this section to provide a qualitative estimate
of the size and impact of high-energy resummation for a 100 TeV hadron collider.

These small-x logarithms arise from radiation of highly energetic gluons, and appear as single
logarithms of the form αnS lnk x with k ≤ n to all orders n in αS . In the MS scheme, or a variant
of this scheme often considered in small-x resummation called Q0MS, both the PDF evolution (in the
singlet sector) and the partonic coefficient functions are affected by small-x logarithmic enhancement.
Therefore, to properly account for small-x resummation effects, refitting PDFs with resummed splitting
functions and coefficient functions is mandatory. This is very important, because for many processes
most of the resummation effect is expected to come from the resummation in PDF evolution, which
is always leading in the singlet sector, while resummation of coefficient functions starts at NLLx for
processes which are quark initiated at tree level.

Small-x resummation is based on the fundamental kt factorization theorem [79–83], valid in the
high-energy limit s � Q2. It generalises the standard collinear factorization to the case of off-shell
initial-state partons, and reduces to it in the on-shell limit. Resummation of small-x logarithms in the
evolution of parton distribution can be achieved using the duality between the complementary BFKL
and DGLAP evolutions, which describe the evolution of the PDFs in x and Q2 respectively, both deriv-
able from the high-energy factorization. This duality can be exploited to resum to all orders in αS
singular small-x contributions to the DGLAP gluon anomalous dimensions up to NLLx [84]. Obtaining
perturbatively stable and reliable resummed anomalous dimensions requires the addition of some extra
ingredients, namely the resummation of anti-collinear contributions [85, 86] and resummation of sub-
leading running coupling contributions [87–89]. Finally, resummation of quark anomalous dimensions
and coefficient functions can be performed (to the lowest non-trivial logarithmic order) from high-energy
factorization [83, 90].

Despite the fact that the formalism for consistently resumming DGLAP anomalous dimensions as
well as the coefficient functions for the main processes entering a PDF fit has been available for quite
some time, no global PDF analysis has been performed including the effects of small-x resummation.7

Therefore, unfortunately no consistent application of NLLx small-x resummation to hadron collider
phenomenology has been performed.8 Part of the reason for this resides in the complexity of the small-x
resummation formalism which makes a reliable numerical implementation challenging.

Ongoing work [92] aims at providing resummed anomalous dimensions and coefficient functions
through a fast C++ code named HELL (standing for High Energy Large Logarithms). This code has been
interfaced to the APFEL [41] PDF evolution package, which is then able to perform DGLAP evolution
with LLx and NLLx small-x resummation matched to the fixed order LO and NLO. Ongoing develop-
ments aim at including also the small-x resummation of deep-inelastic coefficient functions in HELL and
thus also in APFEL. Once the implementation has been finalized, it will be possible to perform for the
first time fully consistent PDF fits with small-x resummation; preliminary results obtained in the context
of the NNPDF methodology [93] are reported below.

It is possible to estimate the effect of small-x resummation at a 100 TeV collider as follows. We
show in Fig. 20 how the gluon (left plot) and the quark singlet (right plot) PDFs are modified when
performing fixed NLO DGLAP evolution as compared to resummed NLO+NLLx evolution. The initial
condition for the evolution is the NNPDF30_nlo_as_0118 set at Q0 = 2 GeV, which is evolved upwards
in Q2 using APFEL+HELL up to a typical electroweak scale Q = 100 GeV. Recall from Fig. 1 that at the
FCC, for Q = 100 GeV, the kinematic region down to x ' 10−5 will be probed (assuming a rapidity
coverage of |y| . 4).

7See also Ref. [91] for a study of the impact of small-x resummation in the MRST fits.
8On the other hand, NNPDF fits with large-x threshold resummation have recently become available [37].
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Fig. 21: Left plot: ratio of the gluon (solid red) and quark singlet (dashed blue) PDFs evolved with
resummed NLO+NLLx evolution to the same input PDF evolved with fixed-order NLO evolution at
Q = 100 GeV. In this case the input PDF set at Q0 = 2 GeV is NNPDF3.0 NLO. We also show the 68%
CL PDF uncertainty band for the numerator of this ratio. Right plot: same comparison, now using as
input a preliminary DIS-only NNPDF fit performed using the resummed NLO+NLLx splitting functions
in the DGLAP evolution, resulting in different input PDFs at the initial parametrization scale Q0.

In Fig. 21 (left) we show the corresponding ratio of the gluon and quark singlet PDFs evolved
with resummed NLO+NLLx evolution to the same PDF evolved with fixed-order NLO evolution at
Q = 100 GeV. In this comparison, we also include the 68% CL uncertainties, to compare them with the
shift induced by the small-x resummation effects. We observe a sizable effect of reducing the gluon and
quark singlet PDFs, by approximately −20% for x . 10−6, but also by as much as −5% at intermediate
values of x ' 10−3.

However, we note that in general refitting the PDFs with resummed evolution and coefficient
functions will modify also the PDFs at the input parametrization scale, partially compensating some
of the observed differences. Therefore, the actual effects of small-x resummation will be different as
compared to what Fig. 21 indicates; in fact, fitted resummed PDFs could even be larger than their fixed-
order counterparts for some values of x. To illustrate this point, in Fig. 21 (right) we show a similar
comparison as in Fig. 21 (left), but now using as input boundary condition for the evolution a preliminary
NNPDF DIS-only small-x resummed fit. In this preliminary small-x fit, DGLAP evolution has been
performed with NLO+NLLx DGLAP splitting functions rather than the standard NLO ones used in
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fixed-order fits (but coefficients functions are still fixed-order NLO). As compared to using NLO PDFs
as input, we observe that, when using a (partially) consistent resummed PDF set as input, the suppression
at small-x appears to be reduced, and a moderate enhancement of the PDFs at intermediate x is found,
followed by a further suppression at large-x. While all these results are very preliminary, Figs. 20–21
strongly suggest that the small-x resummation effects will be relevant for precision physics at a 100 TeV
collider.

It is also useful to estimate the potential impact of small-x resummation effects for physical ob-
servables at the FCC. To do so, we consider the effect of resummed PDFs on a process which is directly
sensitive to the medium and small-x gluons, namely Higgs production in gluon fusion. We define

Rh ≡
σNLO(NLO+NLLx PDFs)

σNLO(NLO PDFs)
(14)

to be the ratio of the NLO cross section obtained with resummed NLO+NLLx PDFs to the NLO cross
section obtained with NLO PDFs. In absence of fully consistent fitted resummed PDFs, we use the same
approximate strategy used above of evolving with resummed NLO+NLLx anomalous dimensions the
NLO PDFs from Q0 = 2 GeV up to the Higgs mass (mh = 125 GeV).

We find that Rh ' 0.96 for the LHC at 13 TeV while Rh ' 0.89 for the FCC at 100 TeV.
Consistently with Fig. 21, the cross section is reduced by a sizable amount, −4% at LHC and −11% at
FCC, where the larger effect at the FCC arises because the gluons fusing into the Higgs are on average at
smaller x. Using refitted resummed PDFs will of course modify these estimates, most likely reducing the
effect of the resummation, or even giving an enhancement of the cross section. Indeed, if one repeats the
exercise using the preliminary fitted PDFs, the effect turns out to be an enhancement of +0.5% at LHC
and of +7% at FCC. None of these estimates is fully reliable, however they clearly show that small-x
resummation will have a sizable impact at FCC. Note that for the specific case of Higgs pair production
in gluon fusion, one should also consistently resum the small-x logarithms in the partonic cross section:
the effect of this resummation has not been studied yet, but the small-x contributions are known to be
non-negligible for high collider energies [94], and will be another fundamental ingredient for precision
phenomenology at FCC.
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3 Global event properties9

Unlike hard SM and BSM probes, which target small fractions of the total pp cross section, the aim
with minimum-bias (MB) physics studies is to examine highly inclusive event samples, subject only
to detector-acceptance limits and minimal trigger conditions (hence the name “minimum bias”10). The
absence of any explicit requirement of hard activity implies that the particle production in such events
is dominated by soft and semihard QCD processes. On the soft side, given the extended composite
nature of hadrons, even at asymptotically large energies, a non-negligible fraction of inelastic p-p in-
teractions involve “peripheral” scatterings with small transverse momentum transfer, described in terms
of a Pomeron (P) contribution, identified perturbatively with a colour-singlet multi-gluon exchange, re-
sponsible for diffractive dissociation. Elastic and diffractive scatterings account for a noticeable fraction,
about a third, of the total p-p cross section at high energies. In the semihard domain, at increasingly
larger c.m. energies the inelastic cross section receives major contributions from the region of low par-
ton fractional momenta (x = pparton/phadron), where the gluon distribution rises very fast. As a mat-
ter of fact, at

√
s = 100 TeV the partonic cross section saturates the total inelastic cross section (i.e.

σpQCD ≈ σinel ≈ 100 mb) at momenta much larger than ΛQCD, pT ≈ 10 GeV/c (see e.g. [95]). Such a
“divergent” behaviour (taking place well above the infrared regime around ΛQCD ≈ 0.2 GeV) is solved
by reinterpreting this observation as a consequence of the increasing number of multiparton interactions
(MPI) occurring in a single p-p collision. The energy evolution of such MPI and low-x effects is im-
plemented phenomenologically in all MCs through a transverse momentum cutoff p⊥0 of a few GeV
that tames the fastly-rising 1/p4

T minijet cross section (e.g., in PYTHIA the cutoff is introduced through a
multiplicative 1/(p2

T + p2
⊥0)2 factor). This p⊥0 regulator is commonly defined so as to run with c.m. en-

ergy following a slow power-law (or logarithmic) dependence, closely mimicking the “saturation scale”
Qsat that controls the onset of non-linear (gluon fusion) effects saturating the growth of the PDFs as
x→ 0 [96]. Last but not least, all MC generators, both based on pQCD or Reggeon Field Theory (RFT)
alike, use parton-to-hadron fragmentation approaches fitted to the experimental data – such as the Lund
string [97], area law [98] or cluster hadronisation [99] models – to hadronise the coloured degrees of
freedom once their virtuality evolves below O (1 GeV).

Closely connected to multiparton interactions is the “underlying event” (UE) activity denoting the
global enhancement of softer particle production that accompanies the hardest partonic interactions in
the event, contributing a “pedestal” term to jet energies and reducing particle isolation. Finally, for high-
luminosity colliders, the additional “pileup” events that are recorded in the same bunch crossing as a
primary triggered event are essentially unbiased11, hence the determination of pileup characteristics also
falls under the minimum-bias physics program.

Notwithstanding the challenges posed by understanding and modelling semihard and non-
perturbative dynamics, very large minimum-bias event samples can typically be accumulated in a matter
of days, allowing for excellent high-statistics studies of a large range of physical observables which in
turn furnish important constraints on phenomenological QCD models, hypotheses, and fits. The ques-
tions asked are often rather simple, such as: what does the average collision look like? and how sizable
are the event-to-event fluctuations? Indeed, the charged-particle multiplicity distribution is typically the
first physics measurement that a new collider experiment publishes. But importantly, the tails of distri-
butions are also coming under increasing scrutiny, in particular towards large multiplicities and by using
rare particles (such as ones containing multiple strange quarks, or c and b quarks) as tracers of the under-
lying physics mechanisms. The term “minimum bias” is perhaps then slightly misleading. Nonetheless,

9Editors: D. d’Enterria, P. Skands
10A “minimum-bias” trigger typically relies on hits in a set of forward detectors to ensure that at least a minimal amount

of observable activity was produced. If hits are required on both sides of the event, the term “non-single-diffractive” (NSD)
is also sometimes used. Triggers with zero bias are also possible, typically provided by a simple synchronisation with the
bunch-crossing clock — hence a zero-bias sample can include some empty events where nothing actually happened.

11Note however, that a trigger event accompanied by an upwards fluctuation in pileup activity, is more likely to pass a given
jet p⊥ trigger threshold than the same event accompanied by a low pileup level, hence the bias is not completely zero.
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since these studies still do not rely on any conventional “hard trigger”, we retain the term MB as a catch-
all phrase, including also diffractive and elastic scattering as well as more exclusive (biased) subsets of
the MB data sample.

3.1 Minimum bias collisions
The general-purpose Monte Carlo (MC) models used in high-energy collider physics, such as
PYTHIA 6 [100], PYTHIA 8 [32], HERWIG ++ [101], and SHERPA [102], are fully based on a pQCD frame-
work which then incorporates soft diffractive scatterings in a more or less ad hoc manner. In contrast,
MC models commonly used in cosmic-ray physics [20] such as EPOS [103–105], QGSJET 01 [106,107],
QGSJET-II [108–111] and SIBYLL [112], as well as PHOJET [113–115] and DPMJET [116, 117] mostly
used for collider environments, are based on simple quantum field-theory principles –such as unitarity
and analyticity of scattering amplitudes as implemented in the RFT model [118]. The latter MCs start
off from a construction of the hadron-hadron elastic scattering amplitude to determine the total, elastic
and inelastic (including diffractive) cross sections, extended to include hard processes via “cut (hard)
Pomerons” (also known as “parton ladder”) diagrams. In this section, we compare the basic properties of
the MB observables characterising the final states produced in proton-proton collisions at

√
s = 100 TeV,

predicted by pQCD- and RFT-based hadronic interaction models [119].

The basic ingredients of the PYTHIA 6 and 8 event generators are leading-order (LO) pQCD 2→ 2
matrix elements, complemented with initial- and final-state parton radiation (ISR and FSR), folded with
PDFs (interfaced here via the LHAPDF v6.1.6 package [120]), and the Lund string model [97] for parton
hadronisation. The decomposition of the inelastic cross section into non-diffractive and diffractive com-
ponents is based on a Regge model [121]. For the minimum-bias studies we use the PYTHIA event gener-
ator in two flavours: the Fortran version 6.428 [100], as well as the C++ version PYTHIA 8.170 [122]. We
consider two different “tunes” of the parameters governing the non-perturbative and semi-hard dynam-
ics (ISR and FSR showering, MPI, beam-remnants, final-state colour-reconnection (CR), and hadronisa-
tion). For PYTHIA 6.4 we use the Perugia 2011 tune (MSTP(5)=350) [33], while for PYTHIA 8 we use the
Monash 2013 (Tune:ee=7; Tune:pp=14) [19]. Both sets of parameters (Table 3) have been obtained
from recent (2011 and 2013 respectively) analysis of MB, underlying-event (UE), and/or Drell-Yan data
in p-p collisions at

√
s = 7 TeV.

Version Tuning Diffraction Semihard dynamics Initial state Final state
p⊥0(7 TeV) power b PDF p-p overlap CR hadr

6.428 Perugia 2011 Regge [121] 2.93 GeV 0.265 CTEQ5L exp(−r1.7) moderate Lund model
8.170 Monash 2013 Improved [123] 2.28 GeV 0.215 NNPDF2.3 LO exp(−r1.85) moderate Lund model

Table 3: Comparison of the various ingredients controlling the non-perturbative and semihard (MPI,
saturation) dynamics in the two PYTHIA MCs used in this work. See text for details.

For the initial state, PYTHIA 6 (Perugia 2011) uses the CTEQ5L parton densities [124] and
PYTHIA 8 (Monash) the more recent NNPDF2.3 LO set [53]. For the description of the transverse parton
density, both models use a proton-proton overlap function proportional to exp(−rn), with slightly differ-
ent exponents (n = 1.7 and 1.85 respectively). The Perugia-2011 choice results in a slightly broader p-p
overlap function which thereby enhances the fluctuations in the number of MPI relative to the Monash-
2013 choice. The perturbative MPI cross sections are suppressed below a regularisation scale, p⊥0,
whose evolution with c.m. energy is driven by a power law,

p2
⊥0(s) = p2

⊥0(s0) · (s/s0)b , (15)

with the parameters quoted in Table 3 (with
√
s0 = 7 TeV). Given that the generation of additional

parton-parton interactions in the UE is suppressed below p⊥0, a higher scaling power b implies a slower
increase of the overall hadronic activity. Thus, the Monash tune results in a slower evolution of p⊥0,

32

CHAPTER 1: STANDARD MODEL PROCESSES

32



yielding larger MPI activity at 100 TeV compared to the Perugia tune. The treatment of diffraction has
improved in PYTHIA 8 compared to 6, by viewing a diffractive system as a Pomeron-proton collision
which can include hard scatterings subject to all the same ISR/FSR and MPI dynamics as for a “normal”
parton-parton process [123, 125]. For the final-state, the two tunes have strong final-state colour
reconnections (implemented through different models [32,126,127]), which act to reduce the number of
final-state particles (for a given p⊥0 value), or, equivalently, lower the p⊥0 value that is required to reach
a given average final-state multiplicity. The Lund hadronisation parameters for light- and heavy-quarks
have been updated in PYTHIA 8 compared to PYTHIA 6 by refitting updated sets of LEP and SLD
data [19].

The RFT-based models used in this work differ in various approximations for the collision config-
urations (e.g. the distributions for the number of cut Pomerons, and for the energy-momentum partition
among them), the treatment of diffractive and semihard dynamics, the details of particle production from
string fragmentation, and the incorporation or not of other final-state effects (Table 4). Whereas the RFT
approach is applied using only Pomerons and Reggeons in the case of QGSJET-II and PHOJET, EPOS ex-
tends it to include partonic constituents [128]. In the latter case, this is done with an exact implementation
of energy sharing between the different constituents of a hadron at the amplitude level. The evolution
of the parton ladders from the projectile and the target side towards the center (small x) is governed by
the DGLAP equations [129–131]. For the minijet production cutoff, PHOJET uses dependence of the
form p⊥0(s) ∼ p⊥0 + C · log(

√
s), whereas EPOS and QGSJET-II use a fixed value of p⊥0. The latter

resums low-x effects dynamically through enhanced diagrams corresponding to multi-Pomeron interac-
tions [108, 132, 133]. In that framework, high mass diffraction and parton screening and saturation are
related to each other, being governed by the chosen multi-Pomeron vertices, leading to impact-parameter
and density-dependent saturation at low momenta [134]. LHC data were used to tune the latest QGSJET-
II-04 release [111] shown here. EPOS on the other hand, uses the wealth of RHIC proton-proton and
nucleus-nucleus data to parametrise the low-x behaviour of the parton densities in a more phenomeno-
logical way [103] (correcting the P amplitude used for both cross-section and particle production). The
EPOS MC is run with the LHC tune [105] which includes collective final-state string interactions which
result in an extra radial flow of the final hadrons produced in more central pp collisions. Among all the
MC models presented here, PHOJET is the only one which does not take into account any retuning using
LHC data (its last parameter update dates from year 2000).

Model (version) Diffraction Semihard dynamics Final state
p⊥0 evolution

EPOS-LHC [105] effective diffractive P 2.0 GeV power-law corr. of P area law hadronisation + collective flow
QGSJET-II-04 [108–110] G.-W. [135] + P cut-enhanced 1.6 GeV enhanced P-graphs simplified string hadronisation
PHOJET 1.12 [113, 114] G.-W. [135] 2.5 GeV p⊥0(s) ∝ log(

√
s) hadronisation via PYTHIA 6.115

Table 4: Comparison of the main ingredients controlling the non-perturbative and semi-hard dynamics
present in the RFT-based event generators used in this work.

The results are presented, in the case of PYTHIA 6 and 8, for primary charged particles, defined
as all charged particles produced in the collision including the products of strong and electromagnetic
decays but excluding products of weak decays, obtained by decaying all unstable particles12 for which
cτ < 10 mm. For the RFT MCs, unless stated otherwise, the results correspond to the primary charged
hadrons (with the same cτ requirement) but without charged leptons which, nonetheless, represent a very
small correction (amounting to about 1.5% of the total charged yield, mostly from the Dalitz π0 decay).
Unless explicitly stated, no requirement on the minimum pT of the particles is applied in any of the
results presented.

12PYTHIA 6.4: MSTJ(22)=2,PARJ(71)=10. PYTHIA 8: ParticleDecays:limitTau0 = on,
ParticleDecays:tau0Max = 10.
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3.1.1 Inelastic pp cross section
The most inclusive quantity measurable in p-p collisions is the total hadronic cross section σtot and its
separation into elastic and inelastic (and, in particular, diffractive) components. In both PYTHIA 6 and
8, the total hadronic cross section is calculated using the Donnachie-Landshoff parametrisation [136],
including Pomeron and Reggeon terms, whereas the elastic and diffractive cross sections are calcu-
lated using the Schuler-Sjöstrand model [121]. The predictions for the inelastic cross sections in p-p
at
√

s = 100 TeV, obtained simply from σtot − σel, yield basically the same value, σinel ≈ 107 mb,
for both PYTHIA 6 and 8. The RFT-based MCs, based on P amplitudes, predict slightly lower values
σinel = 105.4, 104.8, 103.1 mb for EPOS-LHC, QGSJET-II and PHOJET respectively. The

√
s dependence

of the inelastic cross section predicted by all models is shown in Fig. 22 together with the available
data from p-p̄ (UA5 [137], E710 [138] and CDF [139]) and p-p (ALICE [140], ATLAS [141, 142],
CMS [143, 144], TOTEM [145]) colliders, as well as the AUGER result at

√
s = 57 TeV derived from

cosmic-ray data13 [146]. Interestingly, all model curves cross at about
√

s ≈ 60 TeV, and predict about
the same inelastic cross section at the nominal FCC-pp c.m. energy of 100 TeV. A simple average among
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Fig. 22: Inelastic p-p cross section σinel as a function of c.m. energy in the range
√

s ≈ 10 GeV–
500 TeV. Experimental data points at various collider and cosmic-ray energies [137–146] are compared
to the predictions of EPOS-LHC, QGSJET-II-04, PHOJET 1.12, and PYTHIA (both 6.428 and 8.17 predict
the same dependence). The red box indicates the average prediction of all models at 100 TeV.

all predictions yields σinel(100 TeV) = 105.1 ± 2.0 mb, whereas larger differences in the energy evo-
lution of σinel appear above the

√
s ≈ 300 TeV, i.e. around and above the maximum energy observed

so far in high-energy cosmic rays impinging the Earth atmosphere [20]. The expected increase in the
inelastic p-p cross section at FCC(100 TeV) is about 45% compared to the LHC results at 13 TeV
(σinel = 73.1 ± 7.7 mb [142] from ATLAS, and preliminarily 71.3 ± 3.5 mb [144] from CMS).

3.1.2 Particle and energy pseudorapidity densities
Figure 23 shows the distribution of charged particles produced per unit of pseudorapidity, as a function
of pseudorapidity (dNch/dη) in p-p collisions at 100 TeV, as predicted by the different models. About
10 charged particles are produced at midrapidity at FCC-pp. The left plot shows the so-called “non
single-diffractive” (NSD) distribution, mimicking the typical experimental requirement of a two-arm
trigger14 with particles in opposite hemispheres to eliminate backgrounds from beam-gas collisions and

13Note: AUGER measures p-Air cross sections and extrapolates to p-p via a Glauber model.
14In PYTHIA 6 and 8 this is achieved by directly switching off single-diffractive contributions via: MSUB(92)=MSUB(93)=0,

and SoftQCD:singleDiffraction=off.
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Fig. 23: Distributions of the pseudorapidity density of charged particles in non single-diffractive (left)
and inelastic (right) p-p collisions at

√
s = 100 TeV, predicted by different hadronic MC generators.

cosmic-rays. Such NSD topology reduces significantly the detection rate of (single) diffractive colli-
sions characterised by the survival of one of the colliding protons and particle production in just one
hemisphere. The right plot shows the inclusive inelastic distribution which, including lower-multiplicity
diffractive interactions, has a smaller average number of particles produced. At midrapidity (η = 0), all
models (except PHOJET) predict very similar number of hadrons produced. Taking a (non-weighted)
average of all the predictions (except PHOJET which is systematically lower by ∼40%), we obtain:
dN

NSD

ch /dη|η=0 = 10.8 ± 0.3 and dNch/dη|η=0 = 9.6 ± 0.2. However, at forward rapidities (equiv-
alent to small x ≈ pT/

√
s · e−η) PYTHIA 6 and PHOJET predict noticeably “thinner” distributions than

the rest, due to lower underlying gluon densities at scales around p⊥0, than those from the NNPDF 2.3
LO set used in PYTHIA 8 [19]. A significant fraction of the particles produced issue from the fragmen-
tation of partons from semihard MPI, the hardest partonic collision in the MB event producing only a
small fraction of them. The fact that PHOJET misses about ∼40% of the particles yields is indicative of
missing multiparton contributions in this Monte Carlo generator.

The energy dependence of the charged hadron pseudorapidity density at η = 0 predicted by the
different models in the range

√
s = 10 GeV–700 TeV is presented in Fig. 24 compared to the existing

NSD (left panel) and inelastic (right panel) data measured at Spp̄S (UA1 [147], and UA5 [148]), Tevatron
(CDF [149, 150]) and LHC (ALICE [151, 152], ATLAS [153] and CMS [154]) colliders. As aforemen-
tioned, the NSD selection has central densities which are about 15% larger than those obtained with the
less-biased INEL trigger, which has less particles produced on average as it includes (most of) diffractive
production. All models (except PHOJET, whose results are not actually trustable beyond

√
s = 75 TeV)

more or less reproduce the available experimental data up to LHC, and show a very similar trend with√
s up to FCC energies. Beyond 100 TeV, however, EPOS-LHC tends to produce higher yields than the

rest of MCs.

The FCC experiments aim at fully tracking coverage in the central |η| < 5 region. The total
number of charged particles expected in the tracker system is obtained by integrating the dNch/dη distri-
butions over that interval, which yields an average of N

ch
(∆η=10) ≈ 100. For the expected FCC pileups,

in the rangeO (200− 1000), this value implies that the trackers would sustain on average a total number
of 20–100 thousand tracks per bunch crossing. Such a value is of the same order of magnitude as a single
central Pb-Pb collision at LHC energies [156], and thus perfectly manageable for the high-granularity
FCC tracker designs. Further integrating the dNch/dη distributions over all pseudorapidities, one ob-
tains the total number of charged particles produced in an average p-p collision at 100 TeV. The EPOS,
PYTHIA 8 and QGSJET-II models predict the largest total charged multiplicities, N

ch
(N

NSD

ch
) = 161 (184),
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Fig. 24: Evolution of the charged particle pseudorapidity density at midrapidity, dNch/dη|η=0, as a
function of collision energy,

√
s, for non-single diffractive (left) and inelastic (right) p-p collisions. The

data points show existing collider data [147, 148, 153–155]. The vertical line indicates the FCC energy
at 100 TeV.

160 (170), 152 (172) respectively; followed by PYTHIA 6, N
ch

(N
NSD

ch
) = 131 (150); and PHOJET,

N
ch

(N
NSD

ch
) = 103 (111).

The plots in Fig. 25 show the energy density as a function of pseudorapidity. The left plot shows
the distribution for total energy, and the right one for the energy carried by charged particles above a
minimum pT = 100 MeV/c. PHOJET predicts the lowest energy produced at all rapidities (consistent
with the lower particle yields produced by the model) whereas PYTHIA 8 predicts the highest. At η = 0,
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Fig. 25: Distribution of the energy pseudorapidity density of all particles (left) and of charged particles
with pT > 0.1 GeV/c (right) in inelastic p-p collisions at

√
s = 100 TeV, predicted by the different MCs

considered in this work.

the total energy produced per unit rapidity is dE/dη = 9.9, 12.2, 12.6, 13.7 and 15.6 GeV for PHOJET,
QGSJET-II, PYTHIA 6, EPOS-LHC and PYTHIA 8 respectively. The same values at the forward edges
of typical detector coverages (|η| = 5) are dE/dη ≈ 410, 525, 670, 700 and 760 GeV for PHOJET,
PYTHIA 6, QGSJET-II, EPOS-LHC and PYTHIA 8 respectively. The trend for PYTHIA 6 is to predict a
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Fig. 26: Per-event charged particle probability (within |η| < 1) in inelastic p-p collisions at
√

s = 100 TeV:
full distribution (right), zoom at low multiplicities P(Nch) < 5) (left).

smaller relative increase of energy density as a function of rapidity compared to the rest of models due,
again, to a more relatively depleted underlying gluon density at the increasingly lower x values probed
at forward η.

3.1.3 Multiplicity distribution
The multiplicity distribution P(Nch), i.e. the probability to produce Nch charged particles in a p-p event,
provides important differential constraints on the internal details of the hadronic interaction models.
Figure 26 shows the distribution for charged particles produced at central rapidities (|η| < 1) in inelastic
p-p collisions at the FCC. The tail of the P(Nch) distribution (left) gives information on the relative
contribution of multiparton scatterings (multi-Pomeron exchanges), whereas the low multiplicity part
(right) is mostly sensitive to the contributions from diffraction (single Pomeron exchanges). The different
MCs predict quite different distribution in both ends of the spectrum. The RFT-based models EPOS-LHC

and QGSJET-II both predict higher yields at very low (Nch < 3) and very high (Nch > 100) particle
multiplicities, whereas PYTHIA 6 and 8 feature higher yields in the intermediate region Nch ≈ 30–80,
and PHOJET has a very similar P(Nch) distribution to PYTHIA but clearly produces much fewer particles
at intermediate and high multiplicities, compared to the rest of models (which is, again, indicative of
missing MPI contributions in this MC).

3.1.4 Transverse momentum distribution
Figure 27 (left) shows the pT-differential distributions of charged particles at midrapidity (|η| < 2.5)
in NSD p-p collisions at FCC(100 TeV) predicted by all models except PHOJET. All spectra have been
absolutely normalised at their value at pT ≈ 0.5 GeV to be able to easily compare their shapes. Both
PYTHIA 6 and 8 feature the largest yields at the high-pT end of the distributions (not shown here),
QGSJET-II features the “softest” spectrum, whereas EPOS shows higher yields in the region pT ≈ 1–
5 GeV/c, due to collective partonic flow boosting the semihard region of the spectra, but then progres-
sively falls below the pure-pQCD PYTHIA MC generators. The PHOJET spectrum has a more convex
shape, being comparatively depleted at intermediate pT ≈ 1–3 GeV/c but rising at its tail. Studying the√

s-evolution of the average pT of the spectra provides useful (integrated) information. At high energies,
the peak of the perturbative cross section comes from interactions between partons whose transverse mo-
mentum is around the saturation scale, 〈pT〉 ≈ Qsat, producing (mini)jets of a few GeV which fragment
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Fig. 27: Left: Transverse momentum spectrum in p-p collisions at
√

s = 100 TeV predicted by the
different MCs considered in this work (absolutely normalised at a common value at pT ≈ 0.5 GeV/c).
Right: Evolution of 〈pT〉 at midrapidity as a function of c.m. energy

√
s. Data points show existing

collider results [147, 150, 154, 157, 157, 158], and the vertical line indicates the FCC(100 TeV) energy.

into hadrons. As explained in the introduction, PYTHIA and PHOJET MCs have an energy-dependent pT

cutoff that mimics the power-law evolution of Qsat, while EPOS and QGSJET-II have a fixed pT cutoff
and the low-x saturation dynamics is implemented through corrections to the multi-Pomeron dynamics.
The different behaviors are seen in the

√
s-evolution of the average pT shown in Fig. 27 (right). All

MCs, except QGSJET-II, predict a (slow) powerlaw-like increase of 〈pT〉 with energy. Both PYTHIA 6
and 8 –whose dynamics is fully dominated by (mini)jet production– predict a higher 〈pT〉 than the rest of
models, yielding 〈pT〉 ≈ 0.82 GeV/c at FCC(100 TeV) to be compared with 0.71 and 0.67 GeV/c from
EPOS-LHC and QGSJET-II respectively. Above

√
s ≈ 20 TeV, QGSJET-II predicts a flattening of 〈pT〉

whereas the EPOS-LHC evolution continues to rise due to the final-state collective flow which increases
the 〈pT〉 with increasing multiplicity.

3.1.5 Minimum bias summary
In summary, the global properties of the final states produced in hadronic interactions of protons at
center-of-mass energies of the Future Hadron Collider, have been studied with various Monte Carlo
event generators used in collider physics (PYTHIA 6, PYTHIA 8, and PHOJET) and in ultrahigh-energy
cosmic-rays studies (EPOS, and QGSJET-II). Despite their different underlying modeling of hadronic
interactions, their predictions for proton-proton (p-p) collisions at

√
s = 100 TeV are quite similar

(excluding PHOJET, whose parameters have not been improved with the available collider data in the last
15 years). Table 5 lists the predictions of these basic kinematical observables for all MCs considered.
The averages of all MC predictions (except PHOJET) for the different observables are: (i) p-p inelastic
cross sections σinel = 105 ± 2 mb (to be compared with σinel ≈ 72 mb at the LHC(13 TeV), i.e., a
∼45% increase), (ii) total charged multiplicity N

ch
(N

NSD

ch
) = 150 (170) ± 20, (iii) charged particle

pseudorapidity density at midrapidity dNch/dη|η=0 = 9.6± 0.2 (to be compared with the LHC(13 TeV)
result of dNch/dη|η=0 = 5.4 ± 0.2, i.e., an increase of ∼80%), and dN

NSD

ch /dη|η=0 = 10.8± 0.3 for the
NSD selection, (iv) energy density at midrapidity dE/dη|η=0 = 13.6 ± 1.5 GeV, and energy density
at the edge of the central region dE/dη|η=5 = 670 ± 70 GeV, and (v) average transverse momenta at
midrapidities 〈pT〉 = 0.76± 0.07 GeV/c (to be compared with = 0.55 ±0.16 at the LHC(8 TeV), i.e., a
∼40% increase). The per-event multiplicity probabilities P(Nch), have been also compared: EPOS-LHC
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PYTHIA 6 PYTHIA 8 EPOS-LHC QGSJET-II PHOJET Average?

σinel (mb) 106.9 107.1 105.4 104.8 103.1 105.1± 2.0

Nch(N
NSD

ch
) 131 (150) 160 (170) 161 (184) 152 (172) 101 (121) 150 (170) ± 20

dNch/dη|η=0 9.20± 0.01 10.10± 0.06 9.70± 0.16 9.10± 0.15 6.90± 0.13 9.6± 0.2

dN
NSD

ch /dη|η=0 10.70± 0.06 10.90± 0.06 11.10± 0.18 10.30± 0.17 7.50± 0.15 10.8± 0.3

dE/dη|η=0 (GeV) 12.65± 0.07 15.65± 0.02 13.70± 0.02 12.2± 0.02 9.9± 0.01 13.6± 1.5
dE/dη|η=5 (GeV) 525± 4 760± 1 700± 1 670± 1 410± 1 670± 70

P(Nch < 5) 0.28 0.22 0.35 0.36 0.25 –
P(Nch > 100) 3.3 · 10−3 0.011 0.025 0.018 10−5 –
〈pT〉 (GeV/c) 0.80± 0.02 0.84± 0.02 0.71± 0.02 0.67± 0.02 0.73± 0.02 0.76± 0.07

Table 5: Comparison of the basic properties of particle production in p-p collisions at
√

s = 100 TeV,
predicted by PYTHIA 6 and 8, EPOS-LHC, QGSJET-II, and PHOJET: Inelastic cross section σinel; total
charged multiplicities (N

ch
), and pseudorapidity charged particle densities at midrapidity (dNch/dη|η=0)

for inelastic and NSD selections; energy densities at midrapidity (dE/dη|η=0), and at more forward
rapidities (dE/dη|η=5); typical values of the charged multiplicity probabilities P(Nch) (over |η| < 1)
for low and high values of Nch; and mean charged particle transverse momentum 〈pT〉 over |η| < 2.5.
The quoted uncertainties on the individual predictions are just the MC statistical ones. The last column
indicates the average of all MCs (except PHOJET)? for each observable, with uncertainties approximately
covering the range of the predictions.

and QGSJET-II both predict higher yields at very low (Nch < 3) and very high (Nch > 100) particle
multiplicities, whereas PYTHIA 6 and 8 feature higher yields in the intermediate region Nch ≈ 30–80.
These results are useful to estimate the expected detector occupancies and energy deposits from pileup
collisions at high luminosities of relevance for planned FCC detector designs.

3.2 Underlying event in high-pTtriggered events
The fact that hard jets (or more generally, high-p⊥ triggered events of any kind) are accompanied by a
global “pedestal” of additional particle production, called the “underlying event” (UE), has been known
since the days of UA1 [159]. It originates from the same additional parton-parton interactions (or cut
Pomerons, depending on the language) as those that drive the tail towards large multiplicities in MB
events. However, the imposition of a hard trigger biases the event selection towards events with many
MPI (each of which has a chance to be the trigger reaction). Average particle multiplicities and ET sums
in the UE are therefore typically several times larger than in MB events at the same c.m. energy.

The average properties of the UE have been well established by measurements at RHIC, the Teva-
tron, and LHC, and are generally well reproduced by MC models that include hard (perturbative) QCD
interactions and MPI. We here consider extrapolations to 100 TeV of several recent UE tunes of HERWIG

7 [101, 160] (version 3.0) and PYTHIA 8 [32] (version 8.215), which incorporate slightly different MPI
models, described below. To facilitate comparisons between the MB and UE results presented in this
study, we choose one of the PYTHIA 8 tunes to be the same (Monash 2013) as in the plots in the previous
subsection.

The amount of transverse energy associated with the UE is relevant to a broad range of studies,
since it enters as an additive term in jet energy calibrations. Independently of the details of jet algo-
rithms and calibration techniques, the average ET density (per unit ∆η ×∆φ) furnishes a salient basic
characterisation of the UE level, and we take this as our main observable for this study. The relative im-
provement obtainable from calibration techniques that take the in-situ (per-event) UE level into account
can be estimated from the event-by-event fluctuations, which are sizable (larger than a naive Poissonian√
〈ET 〉) at the LHC [161]. Thus we also include the standard deviation of the ET density. To put these

results in a tracking context, we also include results for the charged-track densities and the average track
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p⊥. We do not attempt to include an estimate of the inhomogeneities in the UE distribution within each
event.

We consider a fictitious detector spanning |η| < 6 (which can roughly be considered the “central”
rapidity plateau at 100 TeV energies, spanning the seagull-shaped peak of the dNch/dη distribution,
cf. the preceding subsection) and use the conventional “Transverse Region” to define the UE phase space,
covering the azimuth range 60◦ < |∆φ| < 120◦ with respect to the highest-p⊥ track in the event. Within
the transverse region, we include all stable charged final-state particles, <, subject to two different p⊥
cuts, at 100 and 500 MeV respectively. These cuts are carried over from the ATLAS study this analysis is
modelled on [161]. The lower one includes the peak of soft particle production with transverse momenta
p⊥ ∼ ΛQCD while the higher one focuses on the tail with p⊥ > ΛQCD.

These observables are intended to give a first idea of what the UE may look like at 100 TeV, for
detector-design and physics-analysis / jet-calibration estimation purposes. They do not address the more
detailed physics studies of the UE dynamics that could be possible at 100 TeV. It is nonetheless worth
emphasising that an increasing number of such studies are now being undertaken at the LHC, driven by
tantalising hints of non-trivial global hadronisation effects in p-p collisions which go beyond the ability
of most current models to describe. Among the most intriguing observations are the appearance in high-
multiplicity p-p collisions of qualitative features that are traditionally associated with collective / flow-
like effects and/or with an increased energy scale for particle production. Examples are the CMS “ridge”
effect [162], the by now well-established gradual increase of 〈p⊥〉 with multiplicity, and the seemingly
increased rates of strangeness and baryon production, relative to models that correctly describe equivalent
observables in e+e− environments (see, e.g., the plots available on mcplots.cern.ch [163]). We expect
that an analogous fruitful programme of new measurements exploring the UE dynamics in further detail
can be carried out at 100 TeV. From the point of view of detector design, we note that hadron-flavour
dependence (and hence particle identification capability) has emerged as a powerful tool [164–173] to
disentangle the trends along axes of mass, strangeness, spin, and baryon number.

3.2.1 MC Models
The current MPI model in HERWIG 7 includes hard [174] (similar to the JIMMY [175] package) and
soft components [176] of multiple partonic interactions as well as improved colour reconnection mod-
els [177]. The main parameters of the model are pmin

⊥ which sets a transition scale between the hard and
soft (non-perturbative) components, µ which can be interpreted as the inverse radius of the proton (gov-
erning the difference in matter overlap between central and peripheral p-p collisions), and preco which
parametrises the probability of colour reconnection. The value of pmin

⊥ is allowed to vary with c.m. en-
ergy according to the same power law as in PYTHIA, eq. (15), and, in fact, it is pmin

⊥,0 and b that are fit to
data, with E0 = 7 TeV. (Note that pmin

⊥ is the only parameter in HERWIG 7 which varies explicitly with
the energy, similarly to the case in PYTHIA.) The detailed description of how the MPI parameters were
fitted to the experimental data can be found in [178]. The most recent and default tune of HERWIG 7.0
(H7-UE-MMHT) gives a good description of the underlying event data from Tevatron’s lowest energy
point [179],

√
s = 300 GeV to the LHC’s [161] highest

√
s = 13 TeV (although the LHC’s highest

energy UE data [180] was not used for the tune). Therefore, we use H7-UE-MMHT as “the best” predic-
tion of HERWIG 7 for 100 TeV UE analysis. For comparison we also show results of an older HERWIG

++ tune UE-EE-4.

In PYTHIA 8, there is no sharp distinction between soft and hard MPI [181]; instead there is a
single eikonalised p⊥-ordered framework, with interleaved evolution [182] of parton showers and MPI.
The baseline implementation in PYTHIA 8 is described in [183]. Similarly to HERWIG, the main model
parameters are: 1) an IR regularisation scale for the QCD 2 → 2 cross section, p⊥0; 2) a parameter
governing the assumed transverse shape of the proton mass distribution, and 3) a parameter controlling
the strength of final-state colour reconnections. In the original PYTHIA modeling [181], the energy
dependence of the total cross section was taken as the guideline for the energy evolution of the p⊥0
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Fig. 28: pp collisions at 100 TeV. Pre-
dictions for the transverse-region charged-
particle Σp⊥ density, with p⊥ch >
100 MeV (top left) and p⊥ch > 500 MeV
(top right) cuts. The bottom right-hand
plot shows the event-by-event fluctuations
as measured by the standard deviation for
the p⊥ch > 500 MeV cut.
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parameter, with a power b = 0.16 in Eq. 15 motivated by a cross section scaling like s0.08. This p⊥0

scaling was ruled out by Tevatron measurements [184] as producing a too fast growth of the UE with
c.m. energy, though it was occasionally retained for variations. Modern tunes have b values in the range
0.21 − 0.26. The Monash 2013 tune [19] uses a relatively low value, b = 0.215 (see table 3), and this
was left unchanged in the ATLAS A14 tune [185]. Preliminary comparisons at 13 TeV [180] indicate
continued good agreement, though a slightly higher scaling power around b = 0.23 (resulting in a slower√
s scaling of UE and MB quantities) may be preferred. In this study, we include the baseline Monash

2013 and A14 tunes, as well as a “Fast Scaling” variant of the Monash tune that uses the old b = 0.16
scaling power, for a conservative upper-limit estimate of the extrapolated activity.

3.2.2 Results: UE Extrapolations to 100 TeV
In Fig. 28, we show the HERWIG and PYTHIA extrapolations to 100 TeV for the summed charged-
particle p⊥ density in the transverse region, as defined above, focusing on the region p⊥lead < 20 GeV in
which the transition to the UE plateau occurs. The top left- and right-hand plots show the two different
charged-particle p⊥ cuts, while the bottom right-hand one shows the standard-deviation fluctuations
for the p⊥ch > 500 MeV cut. Given the order-of-magnitude extrapolation in c.m. energy, there is a
remarkable level of agreement between the central models (i.e., excluding the extreme Fast Scaling one),
with the charged-particle UE plateau characterised by

〈∑
p⊥ch

〉
p⊥ch>100 MeV

(per unit ∆η∆φ) = 3.3± 0.5 GeV , (16)
〈∑

p⊥ch

〉
p⊥ch>500 MeV

(per unit ∆η∆φ) = 2.7± 0.4 GeV , (17)

within slightly inflated 15% uncertainties, and the Fast Scaling variant defining conservative upper-limit
densities of 4.4 and 3.6 GeV, respectively. Note that the total summed p⊥ in the transverse region
rises slowly with jet p⊥, and that including both charged and neutral particles would result in numbers
approximately a factor 1.6 higher.
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Fig. 29: pp collisions at 100 TeV. Pre-
dictions for the transverse-region charged-
particle density, with p⊥ > 100 MeV
(top left) and p⊥ > 500 MeV (top right)
cuts. The bottom right-hand plot shows
the event-by-event fluctuations as mea-
sured by the standard deviation for the
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We emphasise that there is some arbitrariness whether to use the lower or higher cut to estimate UE
contributions to jets. For the charged component, particles with p⊥ < 500 MeV typically do not make
it to the calorimeter and hence do not contribute to calorimetric energy measurements. On the other
hand, low-p⊥ neutral particles (including photons) may or may not be absorbed in the inner detector. A
phenomenology calculation could therefore well use the lower cut (assuming experimental results will
be corrected for loss effects) while a calorimeter study could use some combination of the two.

For comparison, the Snowmass study in [186], which considered extrapolations to 100 TeV using
the latest set of “Perugia 2012” tunes [33] of the PYTHIA 6 event generator [100] (version 6.428), found,
for a reference sample of 100-GeV dijets, in the region |η| < 2.5, a neutral+charged p⊥ density in the
transverse region of 4.4± 0.45 GeV. Translated to the phase-space region studied here, this prediction is
somewhat lower than the ones above, consistent with the Perugia 2012 tune’s higher p⊥0 scaling power
b = 0.24.

Finally, we note that the small bumps on the HERWIG 7 curves at very low plead are due to the
colour structure of soft MPI and will be addressed in the next release.

The charged-particle densities shown in Fig. 29 exhibit a larger spread between the models. In
particular for the soft end of the spectrum, highlighted by the top left-hand plot, the H7 UE-MMHT
model predicts the same density as the Fast Scaling PYTHIA tune, 30% above the level of the other
models. In the right-hand plot, however, with the p⊥ cut of 500 MeV, the H7 UE-MMHT level drops
down to that of the other central tunes, while the Fast Scaling PYTHIA tune remains above. Interestingly,
the H7 UE-EE-4 level is lower, but its fluctuations higher, than those of H7 UE-MMHT. We note that the
former has a smaller inverse proton size, µ2 = 1.11 compared to UE-MMHT µ2 = 2.30.

The final plot in Fig. 30 displays a remarkable agreement on the average p⊥ of charged particles.
Despite the underlying model differences, and the significant uncertainties surrounding aspects such as
colour reconnections, the predictions are virtually indistinguishable, the only exception being the H7
UE-MMHT model in the turn-on region below p⊥lead = 10 GeV.
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4 Inclusive vector boson production
The production of W and Z bosons is a valuable probe of both EW and QCD dynamics. The total
production rate of W± (Z0) bosons at 100 TeV is about 1.3 (0.4) µb. This corresponds to samples of
O(1011) leptonic (e, µ) decays per ab−1. The production properties are known today up to next-to-next-
to-leading order (NNLO) in QCD, leading to a precision of the order of the percent. A detailed discussion
of the implications of this precision, and of the possible measurements possible withW and Z final states
at 100 TeV, is outside the scope of this review, also because the LHC has only started exploiting the full
potential of what can be done with them (for a recent review, see Ref. [187]). We shall therefore focus
here on documenting some basic rates and distributions, to show the extreme kinematical configurations
that may be accessed at 100 TeV, and to highlight some of the novel features of EW interactions that will
emerge at these energies.

4.1 InclusiveW/Z rates and distributions
First of all, we compute the PDF uncertainties in the inclusive cross-sections (and their ratios) for
electroweak gauge boson production at both 14 TeV and 100 TeV. We use the NNLO inclusive cal-
culation of Ref. [188] as implemented in the VRAP code. We compare the results from four modern
PDF sets: ABM12 [10], CT14 [8], MMHT14 [9] and NNPDF3.0 [7]. These four NNLO sets have
αs(MZ) = 0.118, except ABM12 for which the native value is αs(MZ) = 0.1132. The PDF sets are
accessed via the LHAPDF6 interface.

In Table 6 we show the total NNLO inclusive cross-sections (including the leptonic branching
fractions) and the corresponding percentage PDF uncertainties for weak gauge boson production at the
LHC 14 TeV. We also indicate the shift in the central cross-section of the different PDFs as compared to
a reference cross-section, which here is taken to be that of NNPDF3.0 NNLO. The corresponding results
at 100 TeV are shown in Table 7. We observe a substantial increase on the PDF systematics when going
from 14 TeV to 100 TeV, specially for NNPDF3.0 but also for CT14 and MMHT14.

14 TeV
NNPDF3.0 CT14 MMHT14 ABM12

σ(nb)± δpdf σ/σref σ(nb)± δpdf σ/σref σ(nb)± δpdf σ/σref σ(nb)± δpdf σ/σref

W+ 12.2 ±2.3% 1 12.4 ±2.4% 1.01 12.5 ± 1.5% 1.02 12.7 ± 1.2% 1.04
W− 9.1 ±2.4% 1 9.2 ±2.3% 1.02 9.3 ±1.5% 1.03 9.3 ±1.2% 1.03
Z 2.0 ±2.2% 1 2.1 ±2.2% 1.01 2.1 ±1.6% 1.02 2.1 ±1.2 % 1.00

W+/W− 1.4 ±0.8% 1 1.3 ±2.4% 1.00 1.3 ±1.5% 1.00 1.4 ±1.2 % 1.01
W/Z 10.5 ±0.4% 1 10.5 ±1.4% 1.00 10.5 ±0.9% 1.00 10.5 ±0.7% 1.00

Table 6: The PDF uncertainties for the NNLO inclusive cross-sections for weak gauge boson production at
the LHC 14 TeV. We also indicate the shift in the central cross-section of the different PDFs as compared to a
reference cross-section, which here is taken to be that of NNPDF3.0. The calculation has been performed with the
VRAP code. The leptonic branching fractions have been included in the calculation.

100 TeV
NNPDF3.0 ABM12 CT14 MMHT14

σ(nb)± δpdf σ/σref σ(nb)± δpdf σ/σref σ(nb)± δpdf σ/σref σ(nb)± δpdf σ/σref

W+ 77.0 ±13.1% 1 74.9±7.2% 0.97 71.8 ±4.8% 0.93 74.1 ±2.0% 0.96
W− 63.4 ±8.5% 1 62.9 ±5.9% 0.99 61.3 ±3.6% 0.97 62.2 ±2.0% 0.98
Z 14.1 ± 7.9% 1 13.9 ±5.7% 0.99 13.7 ±3.7% 0.97 13.9 ±2.0% 0.98

W+/W− 1.2 ±4.3% 1 1.2 ±7.1% 0.98 1.2 ±4.8% 0.97 1.2 ±2.0% 0.98
W/Z 9.9 ±2.9% 1 9.9 ±3.9% 1.00 9.7 ±2.6% 0.98 9.8 ±1.1% 0.99

Table 7: Same as Table 6 now for
√
s = 100 TeV.
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To investigate the impact of realistic acceptance cuts, we have used MCFM v7.0.1 to compute the
NLO cross-sections (using NNLO PDFs) including the decays of the gauge bosons. We have considered
three different cases for the final-state cuts:

– No cuts
– LHC cuts: plT ≥ 20 GeV, |ηl| ≤ 2.5

– FCC cuts: plT ≥ 20 GeV, |ηl| ≤ 5

In addition, jets are reconstructed with the anti-kt algorithm with R = 0.4, but no cuts are imposed on
the kinematics of this jet. The results are summarized in Table 8, where we show the production cross-
sections and the corresponding percentage PDF uncertainties for weak gauge bosons at 14 TeV and 100
TeV with different kinematical cuts on the final state particles. The calculation has been performed at
NLO with MCFM v7.0.1, using the NNPDF3.0 NNLO PDF set. We observe that PDF uncertainties are
reduced if the rapidity of the final-state leptons is restricted to the central region, indicating that the
increase of PDF errors from 14 to 100 TeV arises from the forward region, sensitive to the poorly-known
small-x PDFs.

NNPDF3.0 NNLO
σ(pp→ V → l1l2) [nb] (±δpdfσ) 14 TeV 100 TeV

No cuts LHC cuts No cuts LHC cuts FCC cuts
W+ 12.2 (2.2%) 6.5 (2.2%) 77.3 (13.1%) 28.3 (3.3%) 54.3 (6.5%)
W− 9.2 (2.3%) 4.9 (2.3%) 64.3 (8.9%) 27.2 (3.3%) 45.5 (4.0%)
Z 2.1 (2.1%) 1.5 (2.1%) 14.5 (7.7%) 8.3 (3.3%) 12.8 (5.0%)

Table 8: The production cross-sections for weak gauge bosons at 14 TeV and 100 TeV, including the leptonic
decays, with different kinematical cuts on the final state particles, see text for more details. We provide both the
total cross-section and the corresponding percentage PDF uncertainty. The calculation has been performed at NLO
with MCFM v7.0.1, using the NNPDF3.0 NNLO PDF set.

Fig. 31: Left: rapidity acceptance for leptons from inclusive W production and decay, for pT thresholds
of 20 and 100 GeV. Right: inclusive lepton pT spectrum.

At 100 TeV, gauge bosons will have a rather broad rapidity distribution and, as shown in the left
plot of Fig. 31, more than 50% of the leptons with pT > 20 GeV will be produced at |η| > 2.5 (w.r.t.
∼ 30% at 14 TeV). Even leptons with pT > 100 GeV will have a large forward rate, with about 40% of
them at |η| > 2.5 (∼ 10% at 14 TeV). Their pT spectrum will also extend to large values, as shown in
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the right plot of Fig. 31. The largest fraction of these high-pT leptons will arise from W ’s produced at
large pT , in association with jets.

We focus now on the charged lepton rapidity distributions. In pp collisions rapidity distributions
are forward-backward symmetric and only the positive (or negative) the rapidity range needs to be shown.
The W+ bosons are produced at larger rapidities and with a larger production rate than the W− bosons.
This is because the production of W+ (W−) bosons is mainly controlled by ud̄ (ūd) quarks collisions.
The rapidity asymmetry is the result of u(x)/d(x) becoming larger at larger x. The total rate difference
is due to the u quark density being larger than that of the d density (the antiquark ū and d̄ densities are
relatively similar, especially at small values of parton momentum fractions). Due to parity violation in
the W boson production and decay, the charged (anti)lepton tends to be produced in the direction of
the initial-state (anti)quark. Therefore `− prefers the direction of the d-type quark, and `+ the direction
of the d̄-type antiquark. The rapidity distribution of charged leptons is therefore the result of opposite
physical effects: the parton densities of the colliding hadrons favour forward production of W+ over
W− bosons, but their decays favour forward emission of `− over `+ leptons. This leads to a peculiar
structure of the leptonic charge asymmetry, which changes sign at some pT -dependent value of rapidity.

In Fig. 32 we show the normalized rapidity distribution of the W± and Z bosons in NLO QCD
computed with the DYNNLO parton level Monte Carlo [189] by using NNPDF3.0 [7] parton densities at
NLO with αS(M2

Z) = 0.118. The leptonic charge asymmetry is shown in Fig. 33, for various lepton pT
thresholds. Notice that, while at LHC energies the asymmetry changes sign at η ∼ 2.5 for pT >∼ 20 GeV,
here the zero is shifted to much higher η values, as a result of the much wider boson rapidity spectrum.
The asymmetry is also very small in the central η region, since at 100 TeV, for the values of x relevant
to central W production, the valence component of quark densities is suppressed with respect to the sea,
and thus u(x) ∼ d(x).

Fig. 32: Normalized rapidity distribution of the charged leptons fromW± (left panel) and Z (right panel)
boson decays, at

√
s = 100 TeV. The charged leptons are required to have a minimum pT of 20, 40, 50

and 100 GeV. The error bars reported in the histograms refer to an estimate of the numerical error in the
Monte Carlo integration carried out by the DYNNLO code.

4.2 W/Z boson production at small qT
An observable particularly relevant in W/Z boson production is the transverse-momentum (qT ) distri-
bution of the vector boson. In the large qT region (qT & MV ) QCD corrections are known in analytic
form up to O(α2

S) [190–192] and fully exclusive computations of W/Z bosons in association with a jet
are available up to O(α3

S) [193, 194].

However the bulk of the W/Z bosons are produced at small qT (qT � MV ) where
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Fig. 33: Leptonic charge asymmetry, for different lepton pT thresholds.

the reliability of fixed-order calculations is spoiled by large logarithmic corrections of the form
αnS(M2

V /q
2
T ) lnm(M2

V /q
2
T ) (with 0 ≤ m ≤ 2n − 1) due to soft and/or collinear parton emissions.

At a centre–of–mass energy of 100 TeV about half of W/Z bosons are produced in the region where
qT . 15 GeV. In order to restore the reliability of perturbation theory in the small-qT region, these
logarithmically-enhanced terms have to be systematically resummed to all perturbative orders. The re-
summed and fixed-order predictions can be consistently matched at intermediate values of qT to obtain
a uniform theoretical accuracy in a wide range of transverse momenta.

We consider the processes pp → W± → lνl and pp → Z → l+l at
√
s = 100 TeV centre–of–

mass energy and we compute the transverse-momentum distribution by using the resummation formalism
proposed in Refs. [195–197]. The numerical results are obtained by using the code DYqT, which is based
on the results presented in Refs. [198, 199]. An analogous but more general computation [200], which
includes the full dependence on the final-state lepton(s) kinematics, is encoded in the numerical program
DYRes. We provide predictions at NNLL+NNLO (NLL+NLO) accuracy by using NNPDF3.0 [7] parton
densities at NNLO (NLO) with αS(M2

Z) = 0.118 and αS evaluated at 3-loop (2-loop) order. As for the
EW couplings, we use the values quoted in the PDG 2014 [201] within the so called Gµ scheme, where
the input parameters are GF , MZ , MW .

The NLL+NLO and NNLL+NNLO results for the qT spectrum of on-shell W and Z bosons
produced at

√
s = 100 TeV are presented in Fig. 34. The bands provide an estimate of the perturbative

uncertainties due to missing higher-order contributions. The bands are obtained through independent
variations of factorization (µF ), renormalization (µR) and resummation (Q) scales in the range MV /4 ≤
{µF , µR, Q} ≤ 2MV with the constraints 0.5 ≤ µF /µR ≤ 2 and 0.5 ≤ Q/µR ≤ 2. The lower
panels present the ratio of the scale-dependent NNLL+NNLO and NLL+NLO results with respect to the
NNLL+NNLO result at the central value µF = µR = Q = MV /2 of the scales.

The region of small and intermediate values of qT is shown in the main panels of Fig. 34. The
shape of the W and Z qT spectra is qualitatively similar, with the Z spectrum slightly harder than the
W spectrum. Both the W/Z NNLL+NNLO qT spectra are harder than the corresponding spectra at
NLL+NLO accuracy with a sensible reduction of the scale-variation band going from the NLL+NLO to
the NNLL+NNLO band. The NLL+NLO and NNLL+NNLO bands overlap at small transverse momenta
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Fig. 34: The qT spectrum ofW± (left panel) andZ (right panel) bosons in pp collisions at
√
s = 100 TeV.

The bands are obtained by performing {µF , µR, Q} variations (as described in the text) around the central
valueMW /2. The lower panel presents the ratio of the NLL+NLO and NNLL+NNLO bands with respect
to the NNLL+NNLO result at the central value of the scales.

and remain very close by increasing qT . The NNLL+NNLO uncertainty is about ±20% at the peak, it
decreases to about ±6% at qT ' 10− 15 GeV and increases to about ±15% at qT ∼ 50 GeV.

4.3 DY production at large pT and at large mass
The left plot in Fig. 35 shows the integrated pT spectrum of W bosons, from a LO calculation. With
luminosities in excess of 1 ab−1, data will extend beyond 15 TeV. The immense kinematical reach of DY
distributions at 100 TeV is also displayed by the right plot in the same Figure, which shows the integrated
dilepton invariant mass distribution, for one lepton family, with |η`| < 2.5. The DY statistics, with the
anticipated O(20) ab−1, will extend out to M`` ∼ 20 TeV.

Fig. 35: Left: inclusive pT spectrum ofW bosons. Right: Integrated dilepton invariant mass distribution,
for one lepton family, with |η`| < 2.5.

NNLO results have recently become available for the W/Z+jet transverse momentum distribu-
tions [193, 194, 202]. For a gauge boson produced at large pT , there is always at least one jet recoiling
against it, and therefore one can assume that this calculation provides NNLO accuracy for the W/Z
inclusive pT spectrum. The pT (W ) differential distribution at 100 TeV is shown in the left plot of
Fig. 36, which shows also the comparison with the NLO result. The calculation [193] was performed
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using anti-kt jets [203] at R=0.4, |ηJ | < 5, µ2 = M2
W +

∑
j p

2
T,j and CT14 NNLO PDFs. A minimum

threshold pT > 1 TeV was applied to the leading jet: this biases the W pT spectrum in the region below
O(1.5) TeV, but has no impact above that. On the right of Fig. 36 we show the integrated spectrum of
the leading jet in W+jet events. We notice the huge increase from LO to NLO, due to the appearance at
O(α2

s) of processes where two jets recoil against each other, the W being radiated from the initial state
or from one of them (this will be discussed more extensively in the section subsection). The LO jet spec-
trum matches well the result of the W spectrum in the left plot, corresponding to the LO configurations
where the W recoils against a jet. We point out that the NNLO/NLO K factors are very close to one,
suggesting that after inclusion of the new NLO topologies ones has reached a rather stable perturbative
expansion. We also recall that this calculation only includes the QCD effects. For pT beyond the TeV
scale, the effects of virtual EW corrections are known to lead to important corrections [204], as will be
discussed in Section 16.
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Fig. 36: BR(W → eν)× σ(pXT > pXT,min) at NNLO and NLO, with X = W (left) and X = j1 (right)
is the leading jet in W + jet inclusive events. The lowest pJ1T,min entry in the right plot corresponds to
pJ1T,min = 1 TeV. Lower insets: the NNLO/NLO K factors.

4.4 Production of gauge bosons at the highest energies
For processes involving gauge bosons and jets at such large energies, a very interesting new phenomenon
emerges, namely the growth of the gauge boson emission probability from high-pT jets. If we ask what
is the most likely mechanism to produce gauge bosons in final states with at least one multi-TeV jet,
it turns out that this is not the LO QCD process where the gauge boson simply recoils against the jet,
but the higher-order process where it is a second jet that absorbs the leading jet recoil, and the gauge
boson is radiated off some of the quarks [205]. In other words, the parton-level scattering qq → qqV
dominates over qg → qV (for simplicity, we do not show explicitly the possibly different quark flavour
types involved in the processes). The emission probability of gauge bosons in this case is enhanced by
large logarithms of pT,jet/mV , and can reach values in the range of 10% and more, as shown in Fig. 37.
This gives the emission probability for one or more W bosons in events in which there is at least one
jet above a given pT threshold. The kinematical properties of these events are illustrated for various
distributions in Figs. 38 (at LO) and 39 (at (N)NLO). To highlight the kinematical evolution with jet pT
we show results for final states with a jet above 1 TeV, and above 10 TeV. In the case of largest pT , we
see the dominance of events in which the two jets balance each other in transverse momentum, while the
W carries a very small fraction of the leading jet momentum. One third of the W ’s are emitted within
∆R < 1 from the subleading jet, with a large tail of emission at larger angles, due in part to W radiation
from the initial state.
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Fig. 37: Emission probability for additional W bosons in dijet events at large pT .

Fig. 38: Kinematical correlations, at LO, in high-pT jet events withW radiation, for values of the leading
jet pT > 1 and 10 TeV.

The process considered above is just one manifestation of the general fact that, in hard electroweak
interactions at multi-TeV energies, the soft/collinear structure of almost any multi-TeV process can be-
come significantly altered, as the logarithmic enhancements familiar from QED and QCD will become
active for electroweak emissions (see, e.g., [206–210]). Obtaining correct descriptions of the complete
event structure when

√
Ŝ � mW can be then greatly facilitated by incorporating factorization and re-

summation, such as that provided by parton showering and parton distribution functions. In effect, we
will begin to see weak bosons (including the Higgs boson) behaving as nearly-massless partons, in stark
contrast to the conventional perspective in which they are viewed as “heavy” particles. Jets, whether
initiated by QCD processes, electroweak process, or new physics processes, will be found to contain
electroweak splittings with probabilities at the O(10%) level. Similarly, weak bosons can usefully be
thought of as collinear components of the protons, at the same level as gluons and photons.

To develop some intuition of the collinear splitting behavior of electroweak “partons,” it is useful
to first consider a conceptual limit with an unbroken SU(2)×U(1) gauge symmetry with massless gauge
bosons and fermions, supplemented by a massless scalar doublet field φ without a VEV (the would-be
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Fig. 39: Kinematical correlations at (N)NLO in W+jet(s) events, for values of the leading jet pT > 1
and 10 TeV.

Higgs doublet). In this limit, many processes are direct analogs of those in QED and QCD. Fermions
with appropriate quantum numbers may emit (transverse) SU(2) and U(1) gauge bosons with both
soft and collinear enhancements. The SU(2) bosons couple to one another via their non-abelian gauge
interactions, and undergo soft/collinear splittings of the schematic form W →WW , similar to g → gg.
All of the electroweak gauge bosons may also undergo collinear-enhanced splittings into fermion pairs,
similar to g → qq̄ or γ → ff̄ . Beyond these, the major novelty is the introduction of the scalar degrees
of freedom. First, the scalars may themselves radiate SU(2) and U(1) gauge bosons, with soft/collinear
limits identical to their counterparts with fermionic sources. Second, the electroweak gauge bosons can
split into a pair of scalars, again in close analog with splittings to fermion pairs. Third, fermions with
appreciable Yukawa couplings to the scalar doublet can emit a scalar and undergo a chirality flip. Finally,
the scalars can split into collinear fermion pairs.

In the realistic case of spontaneously-broken symmetry, several important changes take place.
Primarily, all of the soft and collinear divergences associated with the above splittings become physically
regulated, effectively shutting off at pT <∼ mW (or mh, mt where appropriate). Roughly speaking, mW

plays a role similar to ΛQCD in the QCD parton shower, albeit with far less ambiguity of the detailed
IR structure since this regulation occurs at weak coupling. Another major difference is the mixing of
the scalar doublet’s Goldstone degrees of freedom into the W and Z gauge bosons, allowing for the
appearance of longitudinal modes. In many cases, the longitudinal gauge bosons behave identically to
the original scalars, as dictated by the Goldstone equivalence theorem [73,74]. For example the splitting
W+
T → W+

L ZL is, up to finite mass effects, an exact analog of W+
T → φ+Im(φ0) in the unbroken

theory. Similarly for longitudinal gauge boson emissions from heavy fermions, such as the equivalence
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Process P(pT ) P(1 TeV) P(10 TeV)

f → VT f (3× 10−3)
[
log pT

mEW

]2
1.7% 7%

f → VLf (2× 10−3) log pT
mEW

0.5% 1%

VT → VTVT (0.01)
[
log pT

mEW

]2
6% 22%

VT → VLVT (0.01) log pT
mEW

2% 5%
VT → ff̄ (0.02) log pT

mEW
5% 10%

VT → VLh (4× 10−4) log pT
mEW

0.1% 0.2%

VL → VTh (2× 10−3)
[
log pT

mEW

]2
1% 4%

Table 9: An illustrative set of approximate total electroweak splitting rates in final-state showers [211].

between tL → ZLtR and tL → Im(φ0)tR.

But important exceptional cases now also occur for emissions near pT ∼ mW . Most well known,
even a massless fermion exhibits a kind of soft/collinear-enhanced emission of WL and ZL [69, 70].
These emissions have no Goldstone equivalent analog, and are highly power-suppressed for pT >∼ mW .
But the overall population of emissions at the boundary between “broken” and “unbroken” behavior
nonetheless grows logarithmically with the fermion energy. This is formally sub-dominant to the double-
logarithmic growth of transverse emissions, but remains numerically important at multi-TeV energy
scales. Emissions from massless quarks also cause the energetic initial-state protons to act as sources of
longitudinal boson beams, allowing for studies of the high-energy interactions of the effective Goldstone
bosons through weak boson scattering (discussed further below). Similar types of emissions occur in the
splittings of transverse bosons, such as W+

T → ZLW
+
T /ZTW

+
L .

Table 9 provides a few estimates for total splitting rates of individual final-state particles, including
approximate numerical values for particles produced at pT = 1 TeV and 10 TeV. The SU(2) self-
interactions amongst transverse gauge bosons tend to give the largest rates, quickly exceeding 10% as
the energy is raised above 1 TeV (these rates are slightly lower than those extracted from Fig. 37, since
there an important contribution to W emission came from initial state radiation). This has significant
impact on processes with prompt transverse boson production such as W/Z/γ+jets, and especially on
multiboson production including transverse boson scattering. Generally, it is important to appreciate that
any particle in an event, whether initial-state or final-state, or even itself produced inside of a parton
shower, can act as a potential electroweak radiator. Consequently, the total rate for finding one or more
electroweak splittings within a given event must be compounded, and can sometimes add up to O(1).
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5 V +jets15

In this section we study the associated production of a weak vector boson and jets at a proton-proton
collider with

√
s = 100 TeV and an expected accumulated total integrated luminosity of several ab−1.

Such a collider will allow to explore extreme kinematical configurations for processes like V +many jets
(V = W±, Z), giving yet newer ways to test the Standard Model of particle physics at scales significantly
above the TeV scale. Even more, many new physics scenarios predict enhancements in the production
of vector bosons and jets, and so a clear understanding of SM model predictions is important.

We present here general properties of total and differential cross sections in order to obtain a first
characterisation of the collision environment. Two broad classes of kinematical cuts are explored, called
‘democratic’ and ‘hierarchical’ below. The ‘democratic’ cuts are characterized by imposing a single
minimum jet pT cut on all jets, while ’hierarchical’ cuts impose a very large pT cut on the hardest jet
in the event and keep a softer cut for all other jets. These choices are known to affect the perturbative
behaviour of QCD, and we explore it now in this new high-energy environment. In particular we will be
interested in regions of phase space where the various cuts imply large scale ratios and thereby induce
correspondingly large logarithms.

Because uncertainties largely cancel in ratios of observables, we devote our attention to scaling
properties of jet ratios – for example the behaviour of cross sections in dependence on jet multiplicities,
and ratios between different types of vector bosons. We also explore a number of differential cross
sections, such as integrated pT spectra. Finally, we record parton-distribution function uncertainties on
the processes’ inclusive cross sections.

The predictions are obtained employing a number of current methods. These include primarily
as fixed-order predictions at leading order (LO) and next-to-leading order (NLO) in QCD, but for some
sensitive observables we also establish the impact of parton-shower effects.

5.1 Setup
In our discussion of V +jets results we consider only vector bosons decaying to leptons of the first gen-
eration. Thus the final-state signatures include electrons, electron neutrinos and jets. For Z-bosons the
decay products are explicitly specified being either pairs of electrons or neutrinos, mimicking the missing
signature, while W bosons decay to eνe pairs. We consider in detail five distinct phase-space regions for
these processes, which are defined by ‘basic’, ‘low-democratic’, ‘high-democratic’, ‘low-hierarchical’
and ‘high-hierarchical’ sets of cuts, given in eqs. (18) and in Table 10. The ‘basic’ cuts treat all jets
on equal terms with a minimum jet transverse momentum pmin

T that it is varied between 50 GeV and
1000 GeV. The labels ‘low’/‘high’ refer to the low and high transverse momentum (pT ) cuts on all fi-
nal state objects, whereas the labels ‘democratic’/‘hierarchical’ refer to a uniform pT cut on all jets or
requiring a distinguished jet with high pT . For simplicity identical pT cuts are applied to charged lep-
tons and missing neutrinos, which are measured as missing energy. We denote the transverse energy of
the jets by pjet

T and plead−jet
T for the jet with the largest transverse momentum pT . The transverse mo-

mentum cut of the charged leptons and single neutrinos (missing energy) will be uniformly denoted by
plepton
T := peT = pνT . In general, jets are reconstructed with the anti-kT algorithm with a radius parameter

of R = 0.4, using the FASTJET package [203, 212].

The following cuts on jet- and lepton-pseudo rapidities ηjet,e and on Z mass (Mee) and W trans-
verse mass (MW

T ) are common to all five kinematical regions:

rapidity cuts: |ηjet| < 5 , |ηe| < 4

W-bosons: MW
T > 40 GeV (18)

Z-bosons: Z → e+e− : 66 GeV < Mee < 116 GeV ,

Z → νeν̄e : ET,miss > 100 GeV ,

15Editors: F. Febres Cordero and F. Krauss
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Phase-space cuts for pp→ Z/W + jets+X

basic low-democratic high-democratic low-hierarchical high-hierarchical

pjet
T > pmin

T pjet
T > 50 GeV pjet

T > 500 GeV pjet
T > 50 GeV pjet

T > 500 GeV
— plead−jet

T > 102 GeV plead−jet
T > 103 GeV plead−jet

T > 2 · 103 GeV plead−jet
T > 104 GeV

plepton
T > 30 GeV plepton

T > 30 GeV plepton
T > 50 GeV plepton

T > 30 GeV plepton
T > 50 GeV

Table 10: The five phase-space regions considered. For the ‘basic’ set of cuts pmin
T will be varied from

50 GeV to 1 TeV.

where the missing transverse energy Emiss is given by the sum of all transverse (anti-)neutrino momenta
ET,miss = | ~p νT + ~p ν̄T |.

5.1.1 Computational setup
For the fixed-order results at leading order (LO), the SHERPA framework [102,213] has been used, in par-
ticular the COMIX matrix-element generator [214]. For calculations at next-to-leading order (NLO) ac-
curacy in the strong-coupling expansion, the combination of the BLACKHAT [215] and SHERPA packages
are used. The virtual matrix elements are provided by the BLACKHAT library. For V +4-jet production
we have employed a leading-color approximation of the one-loop matrix elements 16. The remaining
Born-level, real radiation corrections as well as integration framework is provided by SHERPA. Infrared
subtraction is consistently treated by the Catani-Seymour method [222], automated in SHERPA [223].
For parton-level results including parton-shower effects the multi-jet merging technology of [224,225] is
used, with the parton shower built on Catani-Seymour subtraction kernels as proposed in Ref. [226] and
implemented in Ref. [227]. Higher-order accuracy is included based on the MC@NLO method [228]
in the version implemented in SHERPA [229, 230] and the multi-jet merging at NLO described in
Refs. [231,232] are employed. The zero-jet inclusive cross section is obtained in NLO accuracy with the
higher-jet multiplicities being leading order in strong-coupling expansion. All calculations employ the
CT14nlo parton-distribution functions (PDF) for NLO results, and CT14llo for the reference LO results.
The PDFs are accessed through the LHAPDF interface [21]. The PDFs also provides the strong coupling
αS(µ) throughout.

In the fixed-order calculations, the renormalisation scale (µR) and the factorisation scale (µF ) are
chosen identical and defined through,

µR = µF = H̄T := EVT +
1

NJ

NJ∑

j=1

pjet
T,j , (19)

where, EVT =
√
m2
V + p2

T,V and NJ is the overall number of jets in the process. Transverse momenta of

the jets are denoted by pjet
T,j . For the fixed order LO and NLO QCD results we employ the total partonic

transverse energy,

µR = µF = Ĥ ′T := EVT +

NP∑

i=1

pparton
T,i , (20)

where NP denotes the total number of final-state partons. The parton momenta are denoted by pparton
T,i .

We set the renormalization and factorization scales equal and vary them according to µ = µR = µF =
csĤ

′
T, with cs ∈ {1/2, 1/

√
2, 1,
√

2, 2}, to obtain the conventional estimate of the size due to the trun-
cation of the perturbative series.

16 For details of the calculation, the reader is referred to the corresponding articles for the cases of W+jets [216–219] and
Z+jets [220, 221].
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Standard Model input parameters are defined through the Gµ scheme with

mZ = 91.188 GeV , ΓZ = 2.49 GeV ,

mW = 80.419 GeV , ΓW = 2.06 GeV ,

mH = 125 GeV , ΓH = 0.00407 GeV ,

mt = 175 GeV , Γt = 1.5 GeV ,

Gµ = 1.16639× 10−5 GeV−2 , sin2 θW = 1− m̃2
W /m̃

2
Z , (21)

where m̃2
V = m2

V + iΓVmV . Unstable particles are consistently treated through the complex mass
scheme [233] in all but the NLO calculations, in which the decay products are distributed according to a
Breit–Wigner distribution and real values for all coupling constants are maintained.

5.2 Inclusive cross sections
5.2.1 Leading-order cross sections

Fig. 40: The leading-order cross sections against pmin
T given by 50 GeV, 100 GeV, 250 GeV and

1000 GeV for the associated production of jets and a Z or W boson decaying into leptons.

In Tables 11 and 12 leading-order cross sections for the production of a weak vector boson V
(V = W± or Z), which decays into a massless lepton pair, in conjunction with up to six jets are shown,
employing the ‘basic’ type of kinematical cuts. The production cross sections are displayed with four
distinct values of pmin

T varied over the values 50 GeV, 100 GeV, 250 GeV and 1000 GeV. As a function of
pmin
T total cross sections are reduced by up to four orders of magnitude, but they still reach a few attobarns

for the highest multiplicities. The cross sections range over about 9 orders of magnitude from a few to a
few dozen nanobarns for inclusive production to a few attobarns when the vector bosons are accompanied
by six TeV jets. Even for relatively soft jets with a minimal transverse momentum of 50 GeV, the cross
sections for V +6 jets are still of the order of tens of picobarns. Irrespective of potentially large higher-
order corrections, these first few numbers already indicate that a future

√
s = 100 TeV collider will
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provide a very busy environment. An obvious result of this is that very large QCD backgrounds, even
at high scales, will render this a challenging environment for searches that involve signatures with many
jets. These findings are condensed in Figure 40, which exhibits the cross sectionW± andZ production in
association with jets, using ‘democratic’ cuts, and in Figure 41, displaying the cumulative cross sections,
including parton shower effects in a simulation invoking also parton showering effects, based on multi-
jet merging technology. In Fig. 42 the p⊥ distribution of the few first jets – if existent – and the W boson
is shown, based on the same simulation. Focusing on the regime of transverse momenta, this figure
suggests that for leading jets with transverse momenta above around a TeV the recoil is mainly provided
by a second jet rather than by the W boson. Such kinematical situations are therefore probably better
identified as a (real) weak correction to QCD dijet production rather than the real QCD correction to
V j-associated production.

pp→W++ n-jet+X pp→W−+ n-jet+X
n/pmin

T 50 GeV 100 GeV 250 GeV 1000 GeV 50 GeV 100 GeV 250 GeV 1000 GeV

0 40.51(5) nb 34.29(4) nb
1 2617(5) pb 847(1) pb 80.3(1) pb 673(1) fb 2202(4) pb 699(1) pb 62.5(1) pb 443(1) fb
2 1482(8) pb 427(2) pb 60.9(2) pb 1368(6) fb 1199(6) pb 339(1) pb 45.8(1) pb 886(3) fb
3 626(3) pb 125(1) pb 9.94(9) pb 71.2(6) fb 461(4) pb 94.6(9) pb 6.75(6) pb 39.9(3) fb
4 286(1) pb 42.6(2) pb 2166(9) fb 6.65(2) fb 208(1) pb 29.8(1) pb 1390(6) fb 3.51(1) fb
5 128(1) pb 14.1(1) pb 461(3) fb 592(3) ab 89.9(7) pb 9.09(7) pb 276(1) fb 289(1) ab
6 54.9(5) pb 4.67(4) pb 100.3(9) fb 53.3(4) ab 37.2(3) pb 2.94(2) pb 57.4(5) fb 24.8(1) ab

Table 11: Leading-order cross sections for the production of a leptonically decaying W+ or W− in
association with n jets. ‘Basic’ cuts have been employed, with transverse momentum cuts ranging from
pmin
T = 50 GeV to pmin

T = 1 TeV.

pp→ Z(→ eē) + n-jet+X pp→ Z(→ νν̄) + n-jet+X
n/pmin

T 50 GeV 100 GeV 250 GeV 1000 GeV 50 GeV 100 GeV 250 GeV 1000 GeV

0 8921(8) pb 17619(18) pb
1 696(2) pb 213.8(4) pb 20.04(4) pb 151.7(3) fb 1372(3) pb 421.8(9) pb 39.56(8) pb 300.3(7) fb
2 378(2) pb 106.7(5) pb 14.57(6) pb 293(2) fb 745(4) pb 212(1) pb 28.9(2) pb 580(3) fb
3 151(2) pb 29.0(3) pb 2.24(2) pb 14.2(2) fb 293(3) pb 58.5(6) pb 4.37(4) pb 28.1(3) fb
4 66.8(3) pb 9.54(4) pb 463(2) fb 1280(5) ab 132.1(6) pb 18.7(1) pb 905(4) fb 2509(9) ab
5 28.4(3) pb 3.11(3) pb 95.3(6) fb 109.0(7) ab 56.4(5) pb 6.07(6) pb 186(2) fb 213(2) ab
6 12.1(2) pb 0.98(1) pb 19.4(2) fb < 1 fb 24.4(3) pb 1.95(2) pb 40.2(4) fb < 1 fb

Table 12: Leading-order cross sections for the production of a Z boson decaying either into a lepton or
neutrino pair in association with n jets. ‘Basic’ cuts have been employed with transverse momentum cut
ranging from pmin

T = 50 GeV to pmin
T = 1 TeV.

5.2.2 Next-to-leading order QCD corrections
In Tables 13-15 we give LO and NLO total inclusive cross sections for vector boson production in asso-
ciation with 1 to 5 jets. We show sensitivity to renormalization and factorization scales as superscripts
and subscripts, respectively. In parenthesis we quote the associated statistical integration error for each
total cross section. The cross sections at 100 TeV range over several orders of magnitude, reaching cross
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sections of only few attobarns in the case of high-hierarchical cuts. The theoretical control over the cross
section predictions is estimated with a number of indicators: the scale variation dependence, jet ratios
and PDF-uncertainties. In what follows, we discuss the scale variation dependence, but postpone the
discussion of jet ratios and PDF uncertainties to Sections 5.3 and 5.5.

Perturbative calculations depend on the unphysical renormalization and factorization scales due to
the truncation of the perturbative series for the scattering processes. As commonly done, we estimate the
size truncated higher-order terms by varying the renormalization and factorization scales.

In Tables 13-15 the upper and lower scale variation is given super/sub scripts. Renormalization
and factorization are set to equal values and varied simultaneously (see Section 5.1.1). We observe
the expected increase in scale dependence with growing jet multiplicities due to the higher powers in the
strong coupling αS(µ). The linear growth of the scale dependence at LO is significantly reduced at NLO.
The systematic of the scale variation dependence is comparable for the different types of vector bosons.
To summarize the results in the tables: the scale variation dependence reduces at 100 TeV from between
20% to 50% at LO to about 10% at NLO for all non-hierarchical cuts. The case of hierarchical cuts is
perturbatively unstable, as can be seen from cross sections increasing with jet multiplicity at LO, from
the large difference of LO and NLO cross sections, and also from the scale dependence at NLO which
is not as much reduced as in the non-hierarchical cases. Such behavior, however, is not unexpected, as
LO hard matrix element will over estimate rates of soft radiation, which are common in the hierarchical
environment. Nevertheless NLO results give a better description, which can be compared to the jet-ratio
results from the shower predictions results presented in Section 5.3.

pp→W−+ n-jet+X
low-democratic (100 TeV)[pb] high-democratic (100 TeV)[fb]

n LO NLO LO NLO
1 481.2(4)+0.0

−2.5 811(4)+38
−31 258.9(4)+25.7

−22.5 1139(30)+160
−131

2 526.2(7)+68.6
−59.0 524(10)+2

−7 749(2)+146
−116 885(10)+34

−50

3 253.5(7)+68.0
−50.8 212(7)+1

−15 151.0(6)+46.2
−33.5 164(4)+4

−11

4 101.1(7)+41.0
−27.5 92(5)+2

−9 21.3(1)+8.8
−5.9 21.2(9)+1.7

−2.8

5 36.4(5)+19.7
−12.1 — 2.81(4)+1.48

−0.92 —
low-hierarchical (100 TeV)[pb] high-hierarchical (100 TeV)[fb]

1 0.01394(1)+0.00174
−0.00148 0.1003(3)+0.0173

−0.0139 0.001330(1)+0.000266
−0.000210 0.01730(6)+0.00393

−0.00304

2 0.1117(2)+0.0236
−0.0185 0.127(1)+0.004

−0.007 0.01880(2)+0.00484
−0.00365 0.0230(2)+0.0017

−0.0020

3 0.212(1)+0.065
−0.047 0.103(8)+0.013

−0.037 0.01363(3)+0.00471
−0.00333 0.0143(2)+0.0006

−0.0012

4 0.240(2)+0.099
−0.066 0.08(2)+0.02

−0.06 0.00559(2)+0.00245
−0.00162 0.0056(2)+0.0004

−0.0007

5 0.204(3)+0.106
−0.066 — 0.00165(2)+0.00089

−0.00055 —

Table 13: Fixed order W− + n-jet + X cross sections. The setup is specified by the
low/high/democratic/hierarchical phase-space regions described in Section 5.1.1. Scale dependence vari-
ation is given in lower and upper limits and the statistical integration errors is given by the number in
parenthesis next to the central value.

To illustrate the stability of the NLO QCD results, in Figs. 43 and 44 we show a full set of scale
dependence plots for all kinematical regimes in Z +n-jet production. It is clear that the dynamical scale
choice µ = Ĥ ′T represents a natural scale for all the cuts considered, and even does a good job over
phase space. In Fig. 45 we actually show differential cross sections for the pT of the n-th jet in inclusive
W− production. In the bottom panel we show differential LO/NLO ratios together with scale bands.
Except for the well known giant K-factor in the 1 jet bin, all perturbative corrections appear as mild for
configuration with jets with pT of up to 10 TeV. Notice that in the highest bins, cross sections per bin are
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pp→W++ n-jet+X
low-democratic (100 TeV)[pb] high-democratic (100 TeV)[fb]

n LO NLO LO NLO
1 563.1(5)+0.0

−2.8 926(7)+45
−36 405.3(8)+39.8

−34.8 1714(20)+238
−195

2 622.5(9)+81.9
−70.2 593(10)+4

−10 1148(2)+223
−177 1362(20)+58

−82

3 314(1)+84
−63 279(8)+0

−11 247(2)+75
−55 256(10)+7

−17

4 127.2(9)+51.4
−34.5 98(8)+0

−8 37.3(3)+15.4
−10.3 37(2)+2

−4

5 49.3(7)+26.5
−16.3 — 5.03(6)+2.62

−1.64 —
low-hierarchical (100 TeV)[pb] high-hierarchical (100 TeV)[fb]

1 0.02499(1)+0.00304
−0.00259 0.1673(8)+0.0284

−0.0228 0.004191(2)+0.000802
−0.000639 0.0445(1)+0.0099

−0.0077

2 0.1922(4)+0.0402
−0.0315 0.208(3)+0.005

−0.010 0.05128(6)+0.01295
−0.00982 0.0584(3)+0.0040

−0.0048

3 0.371(2)+0.113
−0.082 0.19(1)+0.02

−0.06 0.0393(1)+0.0134
−0.0095 0.0354(7)+0.0012

−0.0030

4 0.437(9)+0.178
−0.120 0.13(2)+0.04

−0.12 0.0168(1)+0.0072
−0.0048 0.0144(5)+0.0010

−0.0018

5 0.39(1)+0.20
−0.12 — 0.0052(1)+0.0028

−0.0017 —

Table 14: Fixed order W+ + n-jet + X cross sections. The setup is specified by the
low/high/democratic/hierarchical phase-space regions described in Section 5.1.1. Scale dependence vari-
ation is given in lower and upper limits and the statistical integration errors is given by the number in
parenthesis next to the central value.

at the order of few attobarns.

The NLO QCD predictions for the nth-jet pT shown in Fig. 45 allow to explore the accessibility of
very hard jets at the

√
s = 100 TeV machine. The threshold for producing a few events with a single hard

jet (considering an integrated luminosity of several inverse attobarns) is around 20 TeV. Not surprisingly,
all these events will be accompanied with a second hard jet, as we can see from inspecting the tail of the
second jet pT . On the other hand, few events will be recorded with three jets (and a weak vector boson)
with more than 5 TeV of pT , and for four jets the threshold is around 3 TeV.

An interesting picture emerges from the hadronic HT distributions shown in Fig. 46. The very
large NLO corrections in the W−+ 1jet process is understood by the release of a kinematical constraint
that basically allows the vector boson to be soft in events with large HT . But here we can also see that
quantum corrections tend to increase the HT distributions for samples with two or more jets. Extra jet
radiation is favored in highHT environments, again not surprisingly. This effect is such that for the larger
multiplicities we see that the differential cross sections are quite similar for the n = 2, 3 and 4 in the very
high–HT tails. One should then expect a sizable set of events with very large numbers of jets. In Fig. 47
we show the di-jet mass distributions for the pairs (j1, j2) and (j3, j4) in W− + 4-jet production. For
both distributions corrections are generally mild, but shape changes are clear for Mj1j2 . The radiation
steepens the slope of the Mj1j2 spectrum, but events with invariant masses larger than 30 TeV will be
abundant. In Fig. 48 we present theR separation of the second and third-hardest jet in a high-hierarchical
configuration. Those are the hardest jets below the very hard jet required. As can be seen these jets are
produced in a collimated fashion, with the potential singularity cut by the jet algorithm (with R = 0.4
for us). Extra radiation push the jets even more close, as can be inferred from the change in shape of the
distribution.

5.3 Cross-section ratios
We present ratios of cross sections: Jet-production ratios,

Rn =
σV+n−jet

σV+(n−1)−jet
(22)
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Fig. 45: Differential cross sections for inclusive W− production in the nth-jet pT . Results are shown
employing ‘high-democratic’ cuts. The bottom panels show LO/NLO ratios as well as scale sensitivity.
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Fig. 46: Hadronic HT distribution in samples of W−+ n-jets (n = 1, 2, 3, 4). Results are shown
employing ‘high-democratic’ cuts. The bottom panels show LO/NLO ratios as well as scale sensitivity.
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pp→Z+ n-jet+X
low-democratic (100 TeV)[pb] high-democratic (100 TeV)[fb]

n LO NLO LO NLO
1 186.0(2)+0.2

−2.0 290(1)+11
−9 127.4(2)+12.3

−10.8 504(2)+67
−55

2 188.0(3)+23.6
−20.5 181(3)+0

−2 337.1(7)+64.8
−51.6 396(6)+16

−22

3 92.3(1)+24.3
−18.2 79(2)+0

−3 69.6(1)+21.1
−15.3 73(1)+3

−6

4 37.1(1)+14.8
−10.0 27(1)+0

−2 10.36(4)+4.28
−2.87 10.3(4)+1.0

−1.6

5 13.8(1)+7.4
−4.5 — 1.38(1)+0.72

−0.45 —
low-hierarchical (100 TeV)[pb] high-hierarchical (100 TeV)[fb]

1 0.007193(3)+0.000875
−0.000745 0.0462(1)+0.0077

−0.0062 0.0009173(4)+0.0001777
−0.0001412 0.01017(2)+0.00227

−0.00176

2 0.05284(8)+0.01101
−0.00864 0.0574(6)+0.0013

−0.0026 0.01149(1)+0.00292
−0.00221 0.01337(5)+0.00093

−0.00113

3 0.0989(2)+0.0302
−0.0219 0.054(3)+0.006

−0.017 0.00861(1)+0.00294
−0.00209 0.0080(2)+0.0003

−0.0007

4 0.1140(3)+0.0465
−0.0313 0.049(6)+0.012

−0.031 0.003631(8)+0.001576
−0.001046 0.00336(9)+0.00025

−0.00043

5 0.096(1)+0.050
−0.031 — 0.001095(9)+0.000582

−0.000362 —

Table 15: Fixed order Z + n-jet + X cross sections for production. The setup is specified by the
low/high/democratic/hierarchical phase-space regions described in Section 5.1.1. Scale dependence vari-
ation is given in lower and upper limits and the statistical integration errors is given by the number in
parenthesis next to the central value.

are considered, giving the probability for the emission of an additional jet. The resulting ratios are
displayed in Table 16. Theoretical uncertainties tend to be reduced in these ratios, as many common
features (like PDF’s, alphas, scale dependence) largely cancel in the ratios. This renders them particularly
helpful for comparisons with experimental measurements. For the present study we are interested in the
systematic behaviour of the ratios Rn for two reasons.

– On the one hand, the understanding of the systematics of the ratio as a function of jet-multiplicity
(n) allows to extrapolate from low to high jet multiplicities. This gives a handle to explore the
collision environment. Higher jet multiplicities are required for a definitive statement. We refer to
‘staircase’-behaviour when a convergence of the jet ratios to a fixed value Rn → Rs for increasing
n is observed. ’Poisson-scaling’, meaning that the emission of additional jets follows a Poisson
distribution and thus a decreasing probabilityRn → n̄/(n+1) for intermediate jet multiplicities n
(with n̄ a constant). Based on the predictions in Table 16 we expect ‘staircase’ in the ‘democratic’
setup at 100 TeV. The asymptotic jet emission probability depends on the phase-space configu-
ration. For the high-hierarchical setup the presented ratios suggest a Poisson scaling, which is
expected for the statistical character of an additional soft-jet emission given the high-pT jet en-
forced by the cuts. For reasons explained in Section 5.5 the ratios R2 including the predictions for
single-jet production require the addition of even higher QCD corrections [194, 202].

– On the other hand the ratios give a tool to probe the validity of the perturbative computations in
the respective phase-space regions (see Section 5.5).

The picture just described can be explored much more deeply by the results from the shower calculation.
Indeed, in Figs. 49-50 we show the scaling properties of the jet production ratios employing our MEN-
LOPS results. With this we are able to look at production of up to 14 jets and we clearly see the staircase
and Poissonian scaling. We have added fits to these scalings by fitting the ratios with n = 1, ..., 4, and it
appears that the extrapolations work remarkably well, making them a useful tool for further studies.
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Ratios Rn for pp→W−+ n-jet+X over pp→W−+ (n− 1)-jet+X

low-democratic (100 TeV) high-democratic (100 TeV)

n LO NLO LO NLO

2 1.094(2) 0.65(1) 2.894(8) 0.78(2)

3 0.481(1) 0.40(2) 0.201(1) 0.186(5)

4 0.398(3) 0.43(3) 0.141(1) 0.129(6)

5 0.361(5) — 0.132(2) —

low-hierarchical (100 TeV) high-hierarchical (100 TeV)

2 8.01(2) 1.27(2) 14.13(2) 1.32(1)

3 1.90(1) 0.81(7) 0.725(2) 0.62(1)

4 1.13(1) 0.7(2) 0.410(2) 0.39(1)

5 0.85(2) — 0.295(5) —

Table 16: Jet-production ratios for the pp→W−+ n-jet + X processes are given. The numbers are based
on Table 13 .
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Fig. 49: Scaling properties of jet-production ratios for ‘low-democratic’ configurations. Corresponding
fits are shown in solid (red) lines, as extracted from fitting the shaded regions.

Tables 17-18 display ratios of the inclusive cross section of different vector-boson types,

RV/V
′

n =
σV+n−jet

σV ′+n−jet
. (23)

The ratios point to the dominant productions channels and the respective parton luminosities in the re-
spective phase-space regions. The monotonically decreasing ratios can be attributed to the increasing
up-quark to down-quark ratio with increasing Bjorken-x values [234]. Thus for increasing collision en-
ergies, lower x-values are probed leading to a reduction of the up-down ratio. This leads to a relative
increase of the W+ production as compared to W− and Z-production. In contrast, harder cuts enforce
higher x-values, thus reducing W+ production compared to the other heavy vector bosons. Similarly,
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Fig. 50: Scaling properties of jet-production ratios for ‘low-hierarchical’ (right) configurations. Corre-
sponding fits are shown in solid (red) lines, as extracted from fitting the shaded regions.

the production of additional final state jets requires higher partonic initial-state energies increasing the x-
value and thus reducing the relative size ofW+ production. These mechanisms explain the monotonicity
systematic of the charge asymmetry ratios in Tables 17-18.

Ratios R
W−/W+

n for pp→W−+ n-jet+X over pp→W++ n-jet+X

low-democratic (100 TeV) high-democratic (100 TeV)

n LO NLO LO NLO

1 0.8545(0.0010) 0.8765(0.0083) 0.6388(0.0016) 0.6647(0.0188)

2 0.8454(0.0017) 0.8836(0.0261) 0.6528(0.0019) 0.6501(0.0125)

3 0.8073(0.0035) 0.7575(0.0332) 0.6106(0.0055) 0.6416(0.0348)

4 0.7948(0.0082) 0.9385(0.0931) 0.5701(0.0052) 0.5689(0.0342)

5 0.7388(0.0145) — 0.5574(0.0103) —

low-hierarchical (100 TeV) high-hierarchical (100 TeV)

1 0.5580(0.0005) 0.5993(0.0032) 0.3174(0.0002) 0.3887(0.0016)

2 0.5812(0.0015) 0.6118(0.0125) 0.3666(0.0005) 0.3937(0.0035)

3 0.5712(0.0042) 0.5365(0.0531) 0.3471(0.0012) 0.4033(0.0098)

4 0.5492(0.0117) 0.5990(0.2074) 0.3336(0.0024) 0.3877(0.0175)

5 0.5283(0.0170) — 0.3160(0.0090) —

Table 17: Ratios of the W+ + n-jet production cross sections divided by the W−+ n-jet production
cross section (Table 13 with respect to Table 14).
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Ratios R
Z/W+

n for pp→Z+ n-jet+X over pp→W++ n-jet+X

low-democratic (100 TeV) high-democratic (100 TeV)

n LO NLO LO NLO

1 0.3303(0.0004) 0.3128(0.0028) 0.3143(0.0008) 0.2939(0.0043)

2 0.3020(0.0006) 0.3044(0.0084) 0.2938(0.0009) 0.2904(0.0062)

3 0.2941(0.0011) 0.2830(0.0107) 0.2816(0.0023) 0.2864(0.0151)

4 0.2913(0.0023) 0.2803(0.0274) 0.2779(0.0023) 0.2765(0.0162)

5 0.2790(0.0049) — 0.2737(0.0041) —

low-hierarchical (100 TeV) high-hierarchical (100 TeV)

1 0.2879(0.0002) 0.2764(0.0014) 0.2189(0.0001) 0.2284(0.0007)

2 0.2749(0.0007) 0.2754(0.0055) 0.2241(0.0003) 0.2289(0.0015)

3 0.2663(0.0015) 0.2807(0.0224) 0.2193(0.0007) 0.2260(0.0079)

4 0.2611(0.0053) 0.3902(0.0881) 0.2167(0.0013) 0.2331(0.0103)

5 0.2498(0.0075) — 0.2097(0.0054) —

Table 18: Ratios of the Z+ n-jet production cross sections divided by the W++ n-jet production cross
section (Table 15 with respect to Table 14).

5.4 Scaling behaviour: jet multiplicities or transverse momenta
In this section we consider cross sections as a function of input parameters or jet-multiplicities. Consid-
ering the behaviour of cross sections as a function of initial state energies or transverse momentum cuts
allows one to understand the discovery potential as a function of collision parameters. For ‘basic’ sets
of cuts, we display the dependence of the inclusive, fixed-order, NLO cross sections as a function of the
jet transverse-momentum cuts in Figs. 51 and 52, for

√
s = 100 and 14 TeV respectively. Comparing

these two figures we see that for the largest multiplicity shown (n = 4) a variation in pmin
T from 50 GeV

to 200 GeV reduces cross sections by one extra order of magnitude at
√
s = 14 TeV. Larger decreases

are of course expected for larger multiplicities, as the energy available for extra radiation is increased by
more than a factor of 7.

A very important observation extracted from Figs. 51 and 52 is the stability of the quantum cor-
rections, related in part to the dynamical scale choice µ = Ĥ ′T that helps the LO predictions to remain
close to the more scale-independent NLO predictions. This trend is associated with also the stability of
total cross sections explored in all kinematical regimes in Tables 13-15.

5.5 Perturbative stability
Finally in this section, we validate the reliability of the perturbative description of the scattering pro-
cesses. We explore both the relative size of the quantum corrections (K-factors) and the uncertainties
associated to PDF’s, as extracted from the error sets provided by CT14nlo.

For convenience in Table 19 we give explicit tables of the relative size of NLO corrections com-
pared to the fixed order LO predictions. The K-factors, defined by Kn

V = σV+n−jet
NLO /σV+n−jet

LO are given in
Table 19. For our scale choice (20) the corrections are modest for the ‘democratic’ jet cuts ranging from
a K-factor 0.7 to 1.1 of associated production of 2 to 4 jets. The K-factors increase with jet multiplicity.
The case of single jet production behaves in a different way reaching K-factors of 1.7 . This increase is at-
tributed to the known phenomenon that additional production channels open in the real radiation at NLO
as well as the increasing phase space of hadrons recoiling against the heavy vector boson [205,235], and
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Fig. 51: Cross sections for W−+ n-jets production as a function of the pmin
T , as part of the ‘basic’ set

of cuts, with
√
s = 100 TeV. Top lines are for n = 1 and bottom for n = 5. Solid-black (dashed-

blue) lines show corresponding NLO (LO) results, and we include also scale dependence bands with the
small-dashed lines (shade).

it can be seen even more markedly on the first jet differential distribution in Fig. 45 (notice that NNLO
QCD corrections stabilize the perturbative prediction [194, 202]). NLO corrections for

√
s = 14 TeV

and
√
s = 100 TeV are comparable in size. For hierarchical phase space cuts K-factors increase to the

ranges 1.2 - 0.8 for
√
s = 14 TeV and spread out to 1.1 - 0.3 at

√
s = 100 TeV for 2,3 and 4 associated

jets. Single jet production receives large corrections by a factor of 3.5 at
√
s = 14 TeV and up to factor

of 7 at
√
s = 100 TeV. Reliable predictions for the associated production of heavy vector bosons and a

single jet require the inclusion of further corrections. The hierarchical cuts introduce an additional scale
as compared to the ‘democratic’ setup. The NLO prediction gives a better description of the multi-scale
processes as compared to the LO computation. The scale setting, providing a renormalization and fac-
torization scales depending on the event kinematics, leads to a reliable predictions for inclusive cross
sections at LO.

A further indicator for the validity of the perturbative predictions are the jet ratios (22). In the
perturbative regime an additional hard emission is dressed with a factor of the strong coupling constant.
The emission of additional jets should thus be suppressed and jet ratios are expected to be small, i.e.
smaller than one. In Table 16 we give the jet ratios for the predictions Tables 13-15. For n > 2
we observe ratios of the order one pointing to the consistency of the fixed-order predictions. Further
discussions of the scaling of the inclusive cross sections can be found in Section 5.3. As a final probe of
our current ability to make meaningful quantitative predictions for proton-proton collisions at a 100 TeV
machine, we collect the variance of the cross sections induced by the PDF uncertainties. In table (20) we
present the one-sigma relative uncertainties induced by the PDF’s for the NLO predictions of Tables 13-
15.
We observe a comparable PDF uncertainties in

√
s = 14 TeV and

√
s = 100 TeV predictions from 1−2%

for moderate cuts (‘low-democratic’). The uncertainties rise in more extreme regions of phases space;
in the ‘high-democratic’ region 1 − 3% uncertainty intervals are observed, in low-hierarchical 2 − 3%
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Fig. 52: Cross sections for W−+ n-jets production as a function of the pmin
T , with

√
s = 14 TeV. The

phase-space regions of the final-state objects is adjusted to the initial-state energies as indicated in the
figure. Top lines are for n = 1 and bottom lines for n = 4. Solid-black (dashed-blue) lines show
corresponding NLO (LO) results, and we include also scale dependence bands with the small-dashed
lines (shade).

and in the high-hierarchical uncertainty intervals up to 7% are observed for the highest jet multiplicities.
W++ n-jet predictions are performing best as expected for the proton-proton initial state. We also notice
slightly larger PDF errors for W− cross sections as compared to W+, pointing to larger contributions
from better-constrained valence quarks in the latter. Of course, with the data collected finally at the LHC,
better understanding shall follow, and these PDF uncertainties will then be further reduced.
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K-factors for pp→W−+ n-jet+X

n low-democratic (14 TeV) low-democratic (100 TeV) high-democratic (100 TeV)

1 1.78(1) 1.686(9) 4.4(1)

2 1.12(2) 1.00(2) 1.18(2)

3 1.01(2) 0.84(3) 1.09(3)

4 0.96(3) 0.91(5) 1.00(4)

low-hierarchical (14 TeV) low-hierarchical (100 TeV) high-hierarchical (100 TeV)

1 3.49(1) 7.19(2) 13.01(4)

2 1.16(1) 1.14(1) 1.223(9)

3 0.90(2) 0.48(4) 1.05(1)

4 0.81(4) 0.32(9) 1.00(3)

Table 19: K-factors for W−+ n-jet + X predictions for Table 13. The size of the NLO corrections is
representative for all types of heavy vector bosons discussed.

pp→W−+ n-jet+X pp→W++ n-jet+X pp→Z+ n-jet+X

democratic

low high low high low high

n/
√
s 14 TeV 100 TeV 100 TeV 14 TeV 100 TeV 100 TeV 14 TeV 100 TeV 100 TeV

1 1.42% 1.89% 1.42% 1.17% 1.76% 1.17% 1.19% 1.85% 1.36%

2 1.42% 1.60% 1.55% 1.13% 1.56% 1.19% 1.25% 1.52% 1.43%

3 1.65% 1.44% 2.08% 1.23% 1.48% 1.76% 1.48% 1.46% 2.03%

4 2.25% 1.45% 2.76% 1.59% 1.43% 2.02% 2.05% 1.49% 2.69%

hierarchical

1 2.88% 2.18% 5.43% 2.05% 1.62% 3.30% 2.51% 1.99% 3.80%

2 2.90% 2.14% 5.83% 2.09% 1.61% 3.11% 2.55% 2.01% 3.63%

3 3.14% 2.10% 5.83% 2.31% 1.57% 3.32% 2.88% 2.06% 4.14%

4 3.57% 3.03% 6.80% 2.61% 1.26% 4.01% 3.36% 2.30% 4.70%

Table 20: Percentage PDF errors for one-sigma error bands for NLO pp →V + n-jet+X cross sections
in Tables 13-15.
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6 Vector boson and heavy flavours17

6.1 Overview
The production of a weak vector boson, V = W±, Z. with a pair of heavy quarks is important for a
number of reasons. These processes admit the study of mechanisms of heavy flavor production for events
that can be more easily controlled experimentally, due to the presence of the weak boson, particularly
if it decays leptonically. These channels therefore open the possibility of constraining, for instance,
hypotheses of intrinsic heavy quark contributions to the proton distribution functions. For the case of
bottom quarks the resulting final states provide important backgrounds for many studies that will be
of high interest at a 100 TeV collider. For example, V bb̄ production is an irreducible background to
associated Higgs production with subsequent Higgs boson decay, H → bb̄, and the case V = W±

represents backgrounds to several top quark production processes.

Since the top quark is relatively short-lived and decays before hadronizing, these cases are qualita-
tively different from c- and b-quark production; the top production processes will therefore be considered
instead in Section 12. For definiteness, here we focus on the case of bottom quarks. For the case of two
identified, well-separated heavy quarks at transverse momenta of order 20 GeV or higher, there is essen-
tially no difference between the rates forWbb̄ andWcc̄ production. The Zcc̄ production rate differs from
that for Zbb̄ due to the change from a down-type to up-type coupling to quarks. Due to the dominance of
the gg → Zbb̄ channel at 100 TeV, the Zcc̄ rate is very well-approximated from a rescaling by the ratio,

V 2
c +A2

c

V 2
b +A2

b

≈ 0.78 , (24)

where Vq and Aq are the vector and axial couplings of the Z boson to quarks.

The V bb̄ rates for representative processes at a pp collider operating at 100 TeV are indicated in
figure 53. 18 Decays of the vector bosons into the cleanest leptonic modes is assumed, accounting for a
single family of leptons only, i.e. W → eν and Z → e−e+. No acceptance cuts are placed on the vector
boson decay products while the bottom quarks are clustered into b-jets using the anti-kT jet algorithm
with R = 0.4. Events are only accepted if they contain at least two b-jets, that are initially subject to
only very loose cuts,

pbT , p
b̄
T > 20 GeV, |yb|, |yb̄| < 10 . (25)

The impact of stricter cuts on the transverse momentum and rapidity of the b-jets is also assessed. In
Fig. 53 (left) the cross-section is shown as a function of the minimum transverse momentum of the b-
jets. Over the range shown all of the cross-sections are of similar size. This is purely coincidental since
the branching ratio for Z → e−e+ is much smaller than for W → eν; before the vector boson decay the
Zbb̄ process is much larger since it proceeds through LO diagrams with two gluons in the initial state.
The reduction of the cross-section due to more-realistic cuts on the b-jet rapidities can be gauged from
Fig. 53 (right). This shows the acceptance, defined as σ(|yb| < |ymaxb )/σ(|yb| < 10), for a possible
operating point represented by the cut pbT > 50 GeV. The acceptance is rather similar for all Wbb̄ and
Zbb̄ cases, although the somewhat broader b-jet rapidity distribution for the Zbb̄ process results in the
smallest acceptance for a given rapidity. Efficient b-tagging to rapidities of around 3 would capture
approximately 70% of the cross-section, while the 90% level is only attained at 4 units of rapidity. A
summary of the cross-sections at a few representative working points is shown in Table 21.

Finally, Fig. 54 shows the shapes of the rapidity distributions of the charged leptons in each pro-
cess. For the Zbb̄ process the dominance of the gluon pdf contributions leads to a rather central distri-
bution, with most leptons produced in the region |y| . 3. For Wbb̄ production there is still a significant
valence-quark contribution that leads to a wider central plateau, with a substantial number of events
produced out to four units of rapidity.

17Editor: J. Campbell
18Cross-sections have been computed at NLO in MCFM [236–238], using default parameters and the NLO CT14 pdf set

with the scale choice µr = µf = mV .

70

CHAPTER 1: STANDARD MODEL PROCESSES

70



 cut [GeV]b
T

p

30 40 50 60 100

 [p
b]

σ

0

10

20

30

40

50

60

70

80

90

100

100 TeV
b)b+l- l→Z(

b)bν+ l→(+W
b)bν- l→(-W

|
b

maximum |y

0 1 2 3 4 5 6 7 8

ac
ce

pt
an

ce

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

100 TeV
 > 50 GeVb

T
p

b)bν+ l→(+W
b)bν- l→(-W

b)b+l- l→Z(

Fig. 53: Left: cross-sections for V bb̄ processes as a function of the minimum b-jet transverse momentum.
Right: the fraction of events accepted for a given maximum b-jet rapidity, for the case pbT > 50 GeV.

Process pbT > 50 GeV pbT > 50 GeV, |yb| < 3 pbT > 100 GeV

W+(→ `+ν)bb̄ 19.4 14.3 4.76
W−(→ `−ν̄)bb̄ 14.7 11.2 3.45
Z(→ `−`+)bb̄ 20.3 14.3 4.44

Table 21: Cross-sections (in pb) for V bb̄ processes under various b-jet acceptance cuts.

6.2 Fully differentialWbb̄+X production
We now turn to a careful investigation ofWbb̄+X production using a fully differential calculation of the
process in which a W boson is produced in association with two b jets and a further light jet. Through
the use of the MiNLO prescription [239] this calculation can be used to describe not only the emission of
additional light jets, but also inclusive Wbb̄ production. We will use this calculation to study these final
states under three sets of selection cuts, that are appropriate for studies of Wbb̄+X production itself, or
as a background to HW or single-top searches, respectively.

6.2.1 Computational setup
The computation is performed using the Wbb and Wbbj generators available in the POWHEG BOX frame-
work [240–242] and developed in [243]. The tree-level amplitudes, which include Born, real, spin-
and colour-correlated Born amplitudes, were automatically generated using an interface [244] to
MadGraph4 [245, 246], whereas the one-loop amplitudes were generated with GoSam [247, 248] via the
Binoth-Les-Houches (BLHA) interface [249, 250], presented for the POWHEG BOX and GoSam in [251].
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Fig. 54: The normalized rapidity distributions for the charged leptons produced in the V bb̄ processes, for
the b-jet transverse momentum cut pbT > 50 GeV.

The version of GoSam [248] that was run is the 2.0: it uses QGRAF [252], FORM [253] and SPINNEY [254]
for the generation of the Feynman diagrams. These diagrams are then computed at running time with
Ninja [255, 256], which is a reduction program based on the Laurent expansion of the integrand [257],
and using OneLOop [258] for the evaluation of the scalar one-loop integrals. For unstable phase-space
points, the reduction automatically switches to Golem95 [259], that allows to compute the same one-
loop amplitude evaluating tensor integrals. The Wbb and Wbbj generators include bottom-mass effects
and spin correlations of the leptonic decay products of the W boson. Despite the fact that the computa-
tion is performed with massive quarks in the decoupling scheme [260], where αS is running with 4 light
flavours, a switch to allow for a running with 5 light flavours and the usage of pdfs with 5 flavours, as
proposed in [50], has been implemented. The details technical for the switch in the case at hand can be
found in the Appendix of the Ref. [243].

All the results have been obtained setting the bottom mass to mb = 4.75 GeV and using the
MMHT2014nlo68cl [9] pdf set. Jets have been clustered with the Fastjet package [212, 261], with
radii which depend on the type of analysis performed. The renormalization and factorization scales have
been set according the MiNLO prescription [239], as described in Ref. [243]. The results presented in the
following sections have been computed at fixed next-to-leading order level, plus MiNLO. Parton-shower
effects have not been taken into account. The errors in the plots and in the tables have a statistic origin
and come from the numeric integration of the results. No scales or pdf variations have been studied in
this contribution.

6.2.2 Wbb̄ selection cuts
We begin by presenting results for the production of a W boson in association with two hard b jets in the
final state. For this analysis we use the anti-kT jet algorithm [203] with jet radius set to R = 0.4. We
require the presence of exactly two b jets with transverse momentum pbT > 50 GeV and we apply three
different cuts on the transverse momentum of additional light jets, i.e. pjT > 1, 100 or 500 GeV. This
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allows to investigate the fully inclusive Wbb̄ production, where the light jet can become unresolved, as
well as final states where additional light jets are present. We stress that the former case can be explored
only due to the use of the MiNLO prescriptions, where appropriate Sudakov form factors damp the
soft and collinear regions associated with the extra light jet. We also show some comparisons with the
NLO predictions obtained with the Wbb generator, in which the renormalization and factorization scales
have been set to µ =

√
ŝ/4, where ŝ is the square of the partonic center-of-mass energy, as suggested in

Ref. [243]. For exclusive kinematic regions, where the jet is resolved and has high transverse momentum,
the Wbb code describes the jet at LO, while the Wbbj one gives a description at NLO.

Results for the fiducial cross sections are reported in Table 22 for the Wbb generator, and in the
top rows of Table 23, for the Wbbj one, where we also report the corresponding values computed at√
s = 14 TeV. The increase in the cross section from 14 to 100 TeV is much larger than the relative

increase in the center-of-mass energy (roughly a factor of 7), and it becomes larger by sharpening the
cuts on the transverse momenta of b and light jets. Furthermore, there is a 20% difference between the
NLO Wbb̄ cross section and the one for Wbb̄ + 1 jet with pjT > 1 GeV. Instead, we note that the
100 TeV result for Wbbj for the most inclusive case (pjT > 1 GeV) and two b-jets with pbT > 50 GeV
(34.0±0.6pb) agrees extremely well with the pure NLO prediction of 34.1pb computed at µ = mW that
has been presented in Table 21.19
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Fig. 55: Transverse-momentum distributions of the hardest b jet (left) and of the charged lepton (right)
for Wbb̄j production at

√
s = 100 TeV. The results using the NLO Wbb code are shown too.

Figure 55 shows the transverse-momentum distribution of the hardest b jet and of the charged
lepton, respectively. These observables can be described also by the Wbb generator, and we plot the
corresponding curves for comparison. Figures 56 and 57 display, on the left panels, the transverse
momentum and the rapidity distribution of the two-b jet system, respectively. The right panels in the
figures will be discussed in Section 6.2.3. In all these plots the different pT cuts on the light jets induce
differential ratios which vary only in the low transverse-momentum regions, while being almost constant
elsewhere. For the transverse-momentum distributions the differences between pjT > 100 GeV and
pjT > 500 GeV are restricted to the region below 1 TeV, where the bulk of the cross section sits. For
harder transverse momenta the cut on the light jet loses its importance, leading to ratios of order one.
The impact of the transverse-momentum cut on the light jet on the rapidity distributions of the two-b jet
system has instead larger effects, as can be seen in Fig. 57, with constant ratios in the considered rapidity
range.

Figures 58 and 59 show the normalized distribution of the azimuthal angle ∆φW,bb̄ and the radial
distance ∆RW,bb̄ between the W boson and the two-b jet system respectively. In the most inclusive case
(pjT > 1 GeV), the W boson and the bb̄-system are preferably produced back-to-back in azimuth and

19Apart from the difference in the method of calculation, there is also a small mismatch in the choice of PDFs.
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Fig. 56: Transverse-momentum distributions of the two-b jet system (left) and of the bb̄-monojet (right)
for Wbb̄j production at

√
s = 100 TeV. Details of the jet algorithm employed in the two cases are

reported in the text.
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production at
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text.

tend to have a large radial distance. In addition, when extra hard jet radiation is required, the distributions
become flatter as the hardness of the additional jet is increased.

Finally, in Fig. 60 the transverse momentum spectra of the W boson, the two-b jet system and the
extra light tagged jet are compared. A clear difference in the distribution of the vector boson with respect
to the other twos can be seen, the former being much softer at high transverse momentum. In the high-pT
tail, we note that the jet tends to be slightly harder than the two-b jet system.

6.2.3 Higgsstrahlung selection cuts
In this section we investigate Wbb̄ + X production as irreducible background for the associated pro-
duction of a Higgs boson and a W , where the Higgs boson decays into a bb̄ pair. It is well known that,
for boosted-boson kinematics, the signal to background ratio for Higgs detection improves consider-
ably [262]. In fact, in this case, there is a high probability that the two b quarks are clustered into a single
fat jet. We study then the level of background to this associated Higgs production channel, by looking
at events where the W boson is produced in association with a fat b-flavoured monojet, containing the
bb̄ quark pair. These events are likely to become very frequent at center-of-mass energies of the order of
hundreds of TeV. In this analysis, jets are reconstructed using the Cambridge/Aachen algorithm [263]
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s = 100 TeV. Details of the jet algorithm employed in the two cases are reported in the text.

with a jet radius R = 0.7. Furthermore we require the invariant mass of the monojet mbb̄ to be between
100 and 150 GeV, and a minimum transverse momentum of pbb̄T > 50 GeV. As done in Section 6.2.2,
we impose three different transverse-momentum cuts on the extra light jets, i.e. pjT > 1, 100 or 500 GeV.
The fiducial cross sections computed at 14 and 100 TeV are presented in the central rows of Table 23.

Coming to the differential distributions, in the right panels of the Figs. 56–60 we plot the same
kinematic distributions as plotted in the left panels, this time considering the monojet instead of the two
b jets. Due to the presence of the additional cut on the invariant mass of the bb̄ system, these distributions
are two order of magnitude smaller than the corresponding ones in the left panels, but present similar
shapes. The right panel of Fig. 59 shows the differential cross section as a function of the azimuthal
angle ∆φW,bb̄. This distribution is almost insensitive to a cut on the transverse momentum of the light
jet of 100 GeV, while it shows larger deviations with respect to the most inclusive case, when the cut is
increased to 500 GeV. In the latter case, the distribution becomes nearly flat over the whole kinematical
range.

Dedicated analyses are needed to compare directly signal and background, in order to assess the
effectiveness of these cuts.

As far as the differential cross section as a function of the radial distance ∆RW,bb̄ is concerned,
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Fig. 61: Differential cross sections as a function of the ratio of the transverse momentum of the two-b jet
system over the W boson one.

Fig. 59 shows that only the events separated by a large ∆RW,bb̄ are more affected by the harder cut on
the additional jet transverse momentum.

The behavior of the ratios of the transverse momentum spectra of the W boson, of the two-b jet
system and of the extra light tagged jet, shown in the right panels of Fig. 60, for the monojet search, is
similar to the ones in the left panels.

In the study of the monojet selection cuts, it is interesting to study the differential cross section as
a function of the ratio pbb̄T /p

W
T , which is shown in Fig. 61. The two panels show the same distribution on

a linear (left panel) and logarithmic scale (right panel). While for the most inclusive case, the bulk of the
cross section is given by events where the ratio of the transverse momenta is close to one, as the cut on
the extra jet gets harder, the distributions flatten, showing that events where the W boson is softer than
the two-b jet system clearly prevail.

In Fig. 62, on the left panel, the number of events as function of the minimal invariant mass of the
Wbb̄ system is shown. The right panel of Fig. 62 shows instead the number of events as a function of the
minimum transverse momentum of the monojet. In both cases, an integrated luminosity of L = 20 ab−1

is assumed. It is striking that, with the aforementioned cuts, the number of background events induced
by Wbb̄+X is around 106, with a transverse-momentum cut on the monojet of the order of 1 TeV, even
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Fig. 62: Invariant-mass distribution of the bb̄ system (left) and number of events as a function of the
minimum transverse momentum of the bb̄ system (right) in the monojet search at

√
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number of events is computed assuming an integrated luminosity of L = 20 ab−1.

in the case where the light-jet transverse momentum is required to be above 500 GeV. This fact should
be kept in mind in order to asses the experimental sensitivity, in searches of massive particles decaying
into a pair of boosted bottom quarks, in association with a hard lepton and missing transverse energy.

6.2.4 Single-top selection cuts
The last scenario we consider is single-top production. To estimate the size and shape of the background
induced by Wbb̄+X production on single-top searches, we require the presence of exactly two resolved
jets in the final state, one of which must be a b jet, while the other hast to be a light jet. We have
recombined the partons using the anti-kT algorithm with R = 0.4 and have not distinguished between
jets containing only one b quark, one b anti-quark or a bb̄ pair, considering them on the same footing as a b
jet. We have computed kinematic distributions applying the following cuts on the transverse momentum
of the b jet and of the light jet

pj/bT > 50, 100 GeV.

Furthermore, we have imposed a cut on the transverse momentum of the sum of the momenta of the W
and of the b jet, to simulate the effect of a cut on a reconstructed top-quark momentum pt, in single-top
production

ptT > 0, 500, 1000 GeV.

We refer to the reconstructed Wb system as “top” jet, in the following.

In the last rows of Table 23 we give the fiducial cross sections computed within the acceptance cuts
reported above. We observe an inversion when comparing the effect of the transverse-momentum cut
on the b jet for ptT > 0 GeV and ptT > 500, 1000 GeV. In the former case, the fiducial cross section
decreases both at 14 and at 100 TeV, whereas in the latter twos, the cross sections increase when applying
harder cuts. This is due to the peculiarity of the adopted event selection: in fact, requiring only one
resolved b jet induces automatically a veto on the second b jet present at LO. By hardening the cut on pbT,
a wider kinematic region opens up for the additional unresolved b jet, leading to the observed increase.
It would be interesting in the future to study the sensitivity of the single-top signal to this cut, and to
compare it to the one we are studying here. The inversion is also clearly visible in the first bin in the left
panel of Fig. 63, which shows the transverse-momentum distribution of the “top” jet for pj/bT > 50 GeV
and pj/bT > 100 GeV. On the right panel of Fig. 63, we plot the transverse-momentum distributions of
the light tagged jet for different cuts on the “top” jet transverse momentum. Finally, in Figs. 64–66 we
plot the differential cross sections as a function of the rapidity of the light jet, of the rapidity of the “top”
jet and of the cosine of the angle θ∗ between the charged lepton and the light jet in the “top” rest frame.
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Fig. 63: Transverse-momentum distributions of the Wb system (left) and of the light jet (right) at
√
s =

100 TeV.
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Fig. 64: Rapidity distribution of the light jet for two different transverse-momentum cuts on the recon-
structed jets and on the “top”, i.e. the Wb system, at

√
s = 100 TeV.

In the left panels of these figures we consider a cut on the b and light jet of pj/bT > 50 GeV, while in the
right panels, this cut has been set to pj/bT > 100 GeV. While the shape of the curves in the two panels
are very similar, increasing the cut on the “top” jet decreases the distributions by more than one order of
magnitude.

σWbb̄
NLO [pb] @ 14 TeV σWbb̄

NLO [pb] @ 100 TeV

Wbb̄ selection cuts

pb
T > 0 GeV pb

T > 50 GeV pb
T > 0 GeV pb

T > 50 GeV

102.83± 0.07 1.399± 0.001 988± 11 27.28± 0.03

Table 22: Wbb̄ fiducial cross sections in pb at NLO accuracy for the scenario considered in Section 6.2.2,
for a proton-proton collider at 14 and 100 TeV, computed with the Wbb code.
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Fig. 65: Rapidity distribution of the “top” system for two different transverse-momentum cuts on the
reconstructed jets, at
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Fig. 66: Differential cross section as a function of the cosine of the angle θ∗ between the charged lepton
and the light jet, in the “top” rest frame, at

√
s = 100 TeV.
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σNLO+MiNLO [pb] @ 14 TeV σNLO+MiNLO [pb] @ 100 TeV

Wbb̄ selection cuts

pb
T > 0 GeV pb

T > 50 GeV pb
T > 0 GeV pb

T > 50 GeV

pj
T > 1 GeV 96.0± 6.7 1.78± 0.13 1179± 46 34.0± 0.6

pj
T > 100 GeV 5.84± 0.09 0.416± 0.008 149± 4.0 15.5± 0.1

pj
T > 500 GeV 0.0355± 0.0003 0.00764± 0.00004 3.80± 0.17 1.00± 0.01

Higgsstrahlung selection cuts

pb
T > 50 GeV pb

T > 50 GeV

pj
T > 1 GeV 0.0215 ± 0.0003 1.11 ±0.022

pj
T > 100 GeV 0.0122 ± 0.0002 0.794 ±0.021

pj
T > 500 GeV 0.00237 ± 0.00002 0.259 ±0.005

Single-top selection cuts

pj/b
T > 50 GeV pj/b

T > 100 GeV pj/b
T > 50 GeV pj/b

T > 100 GeV

pt
T > 0 GeV 6.00± 0.18 1.62± 0.06 126± 4 44.3± 1.6

pt
T > 500 GeV 0.009± 0.001 0.12± 0.001 0.72± 0.02 1.16± 0.03

pt
T > 1000 GeV 0.0005± 0.0001 0.0006± 0.0001 0.070± 0.004 0.123± 0.005

Table 23: Wbb̄j fiducial cross sections in pb at NLO+MiNLO accuracy for the different scenarios con-
sidered in Sections 6.2.2, 6.2.3 and 6.2.4 for a proton-proton collider at 14 and 100 TeV, computed with
the Wbbj code.
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7 Gauge boson pair production20

7.1 ZZ production
All numerical results in this section and the next have been produced with the MATRIX code 21. For the
SM parameters we use mW = 80.399 GeV, mZ = 91.1876 GeV, ΓW = 2.1054 GeV, ΓZ = 2.4952
GeV and GF = 1.6639 · 10−5 GeV−2.

We start by considering the rapidity acceptance of ZZ → e+e−µ+µ− production. We apply
basic ZZ selection cuts of 66 GeV < m`` < 116 GeV on the invariant mass of oppositely charged
leptons of the same flavour and consider two different pT thresholds of 20 and 100 GeV on the lep-
tons. Renormalization and factorization scales are set to the sum of transverse energies of the two Z

bosons, µR = µF = µ = EZ,1T + EZ,2T , with EZT =
√
m2
Z +

(
pZT
)2, and we use LO, NLO and

NNLO MMHT2012 sets [9] at the LO, NLO and NNLO respectively. Table 24 shows the fiducial cross
section corresponding to this setup at LO, NLO and NLO+gg, in which the finite and gauge invariant
gluon-fusion contribution is included. For comparison, Table 24 also provides the inclusive cross section
without any transverse-momentum cut at 100 TeV, for which we also provide the NNLO cross section.
It can be seen that at 100 TeV the gluon-fusion contribution provides roughly 70% of the full NNLO
correction, consistent with Ref. [264].

√
s (TeV) σLO (fb) σNLO (fb) σNLO+gg (fb) σNNLO (fb)

14
(
p`T > 20 GeV

)
15.51 21.63 23.71

100 (incl.) 284.7 361 430 460

100
(
p`T > 20 GeV

)
181.8 230.2 269.2

100
(
p`T > 100 GeV

)
0.4778 0.888 1.514

Table 24: Fiducial cross section for ZZ production at the LHC at LO, NLO and NLO+gg. Leptonic
branching ratios included.

Figure 67 shows the rapidity acceptance σ(|η`| < ηcut)/σ for the final-state leptons as a function
of the maximum rapidity cut. For a cut on the minimal lepton transverse momentum of 20 GeV, a rapidity
cut with ηcut ≈ 3 removes around 50% of the total cross section. If the lepton transverse momentum
cut is increased to 100 GeV, the leptons are forced to be more transverse, and a rapidity cut of ηcut ≈ 2
retains 50% of the cross section.

For comparison, Fig. 68 shows the rapidity acceptance at a center of mass energy of 14 TeV and a
minimum lepton transverse momentum of 20 GeV. Compared to the situation at 100 TeV, the events are
more central and a rapidity cut of ηcut ≈ 3 retains more than 70% of the cross section.

Figure 69 shows the acceptance as a function of the minimal lepton transverse momentum. The
cross section is rapidly falling when increasing the transverse momentum requirements on the leptons,
and a cut of 100 GeV leads to a reduction of the cross section of more than a factor of 200 when compared
to the original cut of 20 GeV.

New physics at very high energies can be described by an effective field theory at lower energies,
where heavy particles running in loops might modify the couplings between SM particles. The effective
operators are suppressed by the scale of new physics, and are therefore most pronounced in the high-
energy tales of distributions. Figure 70 shows the 4 lepton cross section above a minimal cut on the

20Editor: D. Rathlev
21MATRIX is the abbreviation of “MUNICH Automates qT subtraction and Resummation to Integrate Cross Sections”, by

M. Grazzini, S. Kallweit, D. Rathlev, M. Wiesemann. In preparation.
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Fig. 67: Rapidity acceptance of 4 lepton production at 100 TeV as a function of the maximum lepton
rapidity at LO (red), NLO (green) and NNLO (blue) with a p`T > 20 GeV (solid) and a p`T > 100 GeV
cut (dashed).
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Fig. 68: Rapidity acceptance of 4 lepton production at 14 TeV as a function of the maximum lepton
rapidity at LO, NLO and NNLO for p`T > 20 GeV.
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Fig. 69: 4 lepton production cross section at 100 TeV as a function of the minimum lepton transverse
momentum at LO, NLO and NNLO.

invariant mass of the final-state system. Although it drops off rapidly, even at very high invariant masses
of ∼ 2 TeV a cross section of around 1 fb remains.

7.2 WW production
7.2.1 Top-contamination issues
We now move to W+W− production. Compared to ZZ production, W+W− production comes with the
additional complication that the inclusive cross section is not straight-forwardly defined in perturbation
theory. The reason lies in the contamination by Wt and tt̄ production entering at NLO and NNLO, re-
spectively, if the bottom-quark is considered massless [265]. Figure 71 shows diagrams contributing to
the single-real correction to W+W− production. While the non-resonant diagrams (left) are part of the
genuine QCD corrections, also resonant Wt diagrams appear in the same partonic channel. Resonant
Wt production amounts to around 30% of the LO W+W− cross section. The problem is even more
severe at NNLO, where diagrams as the one shown in Fig.72 start to contribute in the double-real emis-
sion correction. Besides QCD corrections to W+W− production (left), the same channel also contains
diagrams from resonant tt̄ production, leading to an increase of the cross section of around 400%.

While the top-contamination only affects partonic channels involving b-quarks in the external
states, these channels cannot straight-forwardly be neglected in the computation, as they are crucial to
the cancellation of collinear divergences. However, they can be rendered IR finite by specifying a finite
b-quark mass, i.e. by working in a 4-flavour scheme (4FS). In a 4FS, all partonic channels with external
b-quarks and thus the top-contamination can be removed from the computation, resulting in a sensible
definition of the W+W− cross section. This procedure leads to additional theoretical uncertainties on
the level of 2% for LHC collider energies, which is well below the remaining scale dependence even at
NNLO (see Ref. [265] for more details).

However, using a finite b-quark at a 100 TeV collider is much less justified, and one might worry
about missing significant contributions from bb̄ initial states. To obtain a rough estimate of the size of
these effects, one can compare the LO cross sections obtained in the 4FS and in the 5FS. We find that
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Fig. 70: 4 lepton production cross section at 100 TeV as a function of the minimum invariant mass of the
final-state system at LO and NLO.
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Fig. 71: Feynman diagrams contributing to the gb→W+W−b subprocess.

with NNPDF3.0 sets, the difference is negligible at 14 TeV, and amounts to∼ −5% at a 100 TeV proton-
proton collider. We conclude that while the top-contamination problem cannot be considered solved at
100 TeV, a 4FS computation can be used to obtain a useful estimate of the cross sections for W+W−

production at a future 100 TeV collider.

7.2.2 Predictions at 100 TeV
We apply a lower cut of 10 GeV on the invariant mass of the electron-muon pair and consider two
different pT thresholds of 20 and 100 GeV. In both setups we require a minimal missing transverse
momentum equal to the lepton pT threshold. Renormalization and factorization scales are set to the

sum of transverse energies of the two W bosons, µ = EW
+

T + EW
−

T , with EW
±

T =

√
m2
W +

(
pW

±
T

)2
.

As the full NNLO calculation including the leptonic decay is not available yet, we limit the discussion
to the NLO results. We do however include the gluon-fusion contribution. Table25 shows the fiducial
cross sections at 14 and 100 TeV. The scale uncertainties are on the level of ±15% at LO and ±4% at
NLO. The PDF uncertainties are estimated to be ±7% at LO and reduce to ±1% at NLO. We note that
there are huge NLO corrections when applying a strict transverse-momentum cut of 100 GeV. This is
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ū

W+

b

W−

b̄

t

t̄g

Fig. 72: Feynman diagrams contributing to the uū→W+W−bb̄ subprocess.

in contrast to the analogous results for ZZ production in Table 24. The difference is due to the fact
that the missing transverse-momentum cut (instead of the cut on individual leptons as in the ZZ case)
suppresses configurations with back-to-back neutrinos, and favors final states with a large total transverse
momentum of the W+W− system. Non-vanishing W+W− transverse momenta only arise at the next-
to-leading order.

√
s (TeV) σLO (fb) σNLO (fb) σNLO+gg (fb) σNNLO (fb)

14
(
p`T > 20 GeV

)
509 759 805

100 (incl.) 8162 12877 13992 15362

100
(
p`T > 20 GeV

)
4685 8027 8738

100
(
p`T > 100 GeV

)
18.09 89.6 98.3

Table 25: Fiducial cross section for W+W− production at the LHC at LO, NLO and NLO+gg. Leptonic
branching ratios included.

Figure 73 shows the rapidity acceptance σ(|η`| < ηcut)/σ for the final-state leptons as a function
of the maximum rapidity cut. For a cut on the minimal lepton transverse momentum of 20 GeV, a rapidity
cut with ηcut ≈ 3 removes around 45% of the total cross section. If the lepton transverse momentum
cut is increased to 100 GeV, the leptons are forced to be more transverse, and a rapidity cut of ηcut ≈ 2
retains 50% of the cross section.

Figure 74 shows the cross section as a function of the minimal lepton transverse momentum.
Transverse momentum cuts higher than∼ 150 GeV cut away more than 99% of the fiducial cross section.
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Fig. 73: Rapidity acceptance of W+W− production at 100 TeV as a function of the maximum lepton
rapidity at LO (red) and NLO (green) with a p`T > 20 GeV (solid) and a p`T > 100 GeV cut (dashed).
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Fig. 74: W+W− cross section at 100 TeV as a function of the minimum lepton transverse momentum at
LO and NLO.
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7.3 γγ production
Diphoton production at hadronic colliders is a very relevant process, both from the point of view of
testing the SM predictions [266–271] as for new physics searches. Direct or prompt photons provide an
ideal test to QCD since they constitute a theoretically and experimentally clean final state: on the theory
side, because they do not have QCD interactions with other final state particles; experimentally, because
photon energies and momenta can be measured with high precision by modern detectors.

Besides purely QCD-related considerations, diphoton final states have played a crucial role in the
recent discovery of the Higgs boson at the LHC [272,273]. They are also important in many new physics
scenarios [274,275], in particular in the search for extra-dimensions [276] or supersymmetry [277]. And,
recently [278,279], an excess in the diphoton invariant mass spectrum was observed in searches for new
physics in high mass diphoton events in pp collisions at 13 TeV.

We are interested in the process pp → γγX . The lowest-order process (O(α0
S)) occurs via the

quark annihilation subprocess qq̄ → γγ. The next-to-leading order (NLO) QCD corrections have been
computed and implemented in the fully-differential Monte Carlo codes DIPHOX [280], 2gammaMC [281]
and MCFM [237]. A calculation that includes the effects of transverse-momentum resummation is imple-
mented in Resbos [282].

At next-to-next-to-leading order (NNLO), all the (O(α2
S)) contributions were put together in a

complete and consistent calculation in the 2γNNLO code [283] for first time. The next-order gluonic
corrections to the box contribution gg → γγ (which are part of the N3LO QCD corrections to diphoton
production) were also computed in ref. [281] and found to have a moderate quantitative effect.

The transverse momentum pT spectrum of the diphoton pair has been calculated in fully-
differential Monte Carlo codes at LO [237,280–282] and at NLO [283–285]. Recently, first calculations
for diphoton production in association with two [286–288] and three [288] jets at NLO became avail-
able. The transverse momentum resummation for diphoton production at NNLL + NNLO was recently
presented in Ref. [289] and implemented in the 2γRes numerical code.

Besides direct photon production from the hard subprocess, photons can also be produced from
the fragmentation of QCD partons. The computation of fragmentation subprocesses requires (the poorly
known) non-perturbative information, in the form of parton fragmentation functions of the photon (the
complete single- and double-fragmentation contributions are implemented in DIPHOX [280] for diphoton
production at the first order in αS). However, the effect of the fragmentation contributions is sizebly
reduced by the photon isolation criteria that are necessarily applied in hadron collider experiments to
suppress the very large irreducible background (e.g., photons that are faked by jets or produced by hadron
decays). Two such criteria are the so-called “standard” cone isolation and the “smooth” cone isolation
proposed by Frixione [290]. The standard cone isolation is easily implemented in experiments, but it
only suppresses a fraction of the fragmentation contribution. By contrast, the smooth cone isolation
(formally) eliminates the entire fragmentation contribution. All the results presented in this section were
obtained with the smooth isolation prescription, which, for the parameters used in the experimental
analysis reproduces the standard result within a 1% accuracy [291] at NLO.

In this section we present some benchmark results on diphoton production at
√
s = 100 TeV, of

possible relevance to Higgs boson studies as well as to BSM searches. We compute the NLO and NNLO
QCD radiative corrections at the fully-differential level. In all the NLO results presented in this section
we consider also the box contribution at the lowest order in the strong coupling constant (O(α2

S)).

The acceptance criteria used in the numerical results presented in this section are the following:
pγT ≥ 30 GeV and the rapidity of both photons has to satisfy |yγ | < 2.5. We use the MSTW2008 [292]
sets of parton distributions, with densities and αS evaluated at each corresponding order (i.e., we use
(n + 1)-loop αS at NnLO, with n = 0, 1, 2), and we consider Nf = 5 massless quarks/antiquarks and
gluons in the initial state. The default renormalization (µR) and factorization (µF ) scales are set to the
value µR = µF =

√
M2
γγ + p2

Tγγ . The QED coupling constant α is fixed to α = 1/137.
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The smooth cone isolation prescription is as follows: we consider a cone of radius
r =

√
(∆η)2 + (∆φ)2 around each photon and we require that the total amount of hadronic (partonic)

transverse energy ET inside the cone is smaller than ET max(r),

ET max(r) ≡ εγ pγT
(

1− cos r

1− cosR

)n
, (26)

where pγT is the photon transverse momentum; the isolation criterion ET < ET max(r) has to be fulfilled
for all cones with r ≤ R. The isolation parameters are set to the values εγ = 0.05, n = 1 and R = 0.4
in all the numerical results presented in this section. In Ref. [291] it was shown that implementing
εγ = 0.05 the effects of the fragmentation contribution are under control, in the sense that the NLO cross
section obtained with the smooth cone isolation criterion coincides with the corresponding NLO cross
section obtained with the standard cone isolation criterion at the percent level.

Fig. 75: Integrated diphoton invariant mass distribution, over different mass ranges. We display the
full NLO cross-section, inclusive of the box contribution at the lowest order (O(α2

S)), with the different
partonic channels present at this perturbative level.

In Fig. 75 we present our results for the integrated invariant mass distribution. While for low
values of Mγγ the box contribution (formally O(α2

S)) is of the same order of the LO qq̄ contribution
(O(α0

S)), for large values of the invariant mass, the LO cross section is at least one order larger than the
box contribution. Moreover, notice that for large values of the lower cut in the diphoton invariant mass
(Mmin

γγ > 400 GeV), the contribution to the cross section due to partonic channels containing at least a
gluon (in the initial state) is negligible with respect to the qq̄ channel. This is mostly due to the greater
impact of the isolation cut, which affects directly processes like qg → qgγγ, where, to have a largeMγγ ,
one of the two photons is preferentially radiated by the final state quark.

We note that the cross-section is of the order of a several tens of ab for Mγγ >∼ 8 TeV, meaning of
order 1000 events for the expected integrated luminosity (20-30 ab−1).

In Fig. 76 we show the integrated diphoton transverse momentum distribution requiring |MH −
Mγγ | < 4 GeV (MH = 125 GeV). The restriction of the diphoton invariant mass to this interval is kept
in all plots of interest for Higgs physics . The notation NLO vs NNLO refers here to the order at which
the inclusive γγ + X process is evaluated, namely O(αS) and O(α2

S), respectively. In this language,
NLO is actually the first order at which the photon pair develops a transverse momentum, and NNLO is
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Fig. 76: Integrated diphoton transverse momentum distribution, subject to the constraint |MH−Mγγ | <
4 GeV (MH = 125 GeV). We compare the NNLO and the NLO cross-sections, and the relative contri-
butions of the qg and qq̄ processes at NLO.

the first genuine radiative correction to the pT distribution. Notice that at O(α2
S) the gg box contribution

does not generate a transverse momentum for the diphoton pair, this will only arise at O(α3
S). The tree-

level gg contributions of O(α2
S) are small and, while they are included in the NNLO, they are not shown

separately in the plot.

In the left panel we compare the NNLO contribution with the NLO cross-section. We are not
considering here transverse momentum resummation (as implemented in 2γRes or Resbos), since the
pT range of interest in these plots is well above the values where Sudakov effects are relevant.

While for the integrated invariant mass distribution (Fig. 75) the qq̄ partonic channel dominates
the cross section, in the diphoton integrated transverse momentum distribution the qq̄ and qg channels
are at the same order over the whole transverse momentum range. It is easy to see that the invariant mass
cut on the diphoton pair forces the two photons to be close to each other, and thus the qg initial state
process does not need to be penalized by the isolation requirement which suppresses this channel in the
large-mass spectrum.

In Fig. 77 we show the K factors for the diphoton mass and pT spectra, calculated for Fig. 75 and
Fig. 76.

We observe that the NLO contributions introduce very large corrections to the cross-section mainly
for low and moderate values of the invariant mass distributionMmin

γγ < 1 TeV. At high mass the K factors
(NLO+box)/LO or (NLO)/LO tend to 1.4 (at

√
s = 14 TeV, K=NNLO/NLO ' 1.2 for Mmin

γγ ' 3 TeV)).
Likewise the K factor of the diphoton pT spectrum tends to be larger than 2 up to pT ∼ 400 GeV, and to
diminish after that.
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Fig. 77: Left panel: K factors for the diphoton invariant mass distribution from Fig. 75. Right panel: K
factors for the diphoton pT distribution from Fig. 76.
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7.4 Anomalous couplings fromWW andWγ production
In this section we explore the potential of the FCC to constraint or measure anomalous triple-gauge
couplings. As an example, we consider W+W− with W bosons decaying into electrons or muons and
W+γ production with W+ decaying into a positron and a neutrino.

We consider an extension of the SM Lagrangian which includes up to dimension six operators

L = LSM +
∑

i

ci
Λ2
Oi + . . . . (27)

In particular, we consider the effect of the following, CP-conserving, dimension six operators [293]

OWWW = Tr[WµνW
νρWµ

ρ ] ,

OW = (DµΦ)†Wµν(DνΦ) ,

OB = (DµΦ)†Bµν(DνΦ) , (28)

with Φ being the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I

µ +
i

2
g′Bµ ,

Wµν =
i

2
gτ I

(
∂µW

I
ν − ∂νW I

µ + gεIJKW
J
µW

K
ν

)
,

Bµν =
i

2
g′ (∂µBν − ∂νBµ) . (29)

We remark that since the higher dimensional operators can be seen as low energy remnants of some new
heavy degrees of freedom integrated out at scale Λ, we are implicitly assuming the scale of new physics
Λ to be larger than the energy range we are probing.

The effect of these operators can also be equivalently expressed in terms of anomalous couplings.
The corresponding modification of the SM Lagrangian is written as

LTGC = igWWV

(
gV1 (W+

µνW
−ν −W+µW−µν)Vν + κVW

+
µ W

−
ν V

µν+

λV
m2
W
W+ν
µ W−ρν V µ

ρ

)
, (30)

where V = γ, Z, W±µν = ∂µW
±
ν − ∂νW±µ , V ±µν = ∂µVν − ∂νVµ, gWWγ = −e and gWWZ = −e cot θw.

At tree level the anomalous couplings can be related to the coefficients of the dimension six operators
via the following relations

gZ1 = 1 + cw
m2
Z

2Λ2 ,

κγ = 1 + (cw + cb)
m2
W

2Λ2 ,

κZ = 1 + (cw − cb tan2 θW )
m2
W

2Λ2 ,

λγ = λZ = cwww
3g2m2

W
2Λ2 . (31)

For W+W−, we consider predictions at Les Houches event level obtained with the POWHEGWW
code [294,295]. In this way NLO corrections are included together with Sudakov effects associated with
the hardest radiation, but the effects of the subsequent parton shower, hadronization, or underlying event
corrections are not included. We remark that we do not include here loop-induced gluon-gluon channels.
We consider the following minimal set of cuts on the charged leptons pt,l > 20 GeV, |ηl| < 2.5, and a cut
of 20 GeV on the missing transverse momentum. Jets are reconstructed using the anti-kt algorithm [203]
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with R = 0.6. Furthermore, in order to reduce the top background, we veto events where the invariant
mass of any charged lepton combined with any jet is below 200 GeV. We have verified that, in the
distributions that we have considered, lowering this cut does not lead to significant changes, and that the
top contribution is negligible.

For W+γ, when NLO QCD corrections are taken into account, real gluon induced diagrams arise.
For these contributions we need a strategy for the treatment of photon fragmentation contribution, namely
the infrared divergent configurations where the photon becomes soft or collinear to the emitting quark.
Since in the POWHEG BOX approach [296] for the treatment of photon fragmentation contribution there
are two underlying Born configurations at LHE level, W+γ and W+j, the analysis at event level would
be highly inefficient because of the W+j contribution which would largely dominate. Therefore we
consider predictions at NLO accuracy with smooth isolation prescription [290] applied at generation
stage. In our analysis following cuts are applied: plT > 20 GeV, |ηi| < 2.5 with i = e+, γ and ∆Rlγ >
0.7 . Moreover, in order to improve the efficiency, since we are interested in the pt,γ distribution only,
we have put a generation cut at 100 GeV, after checking that the effect of the cut is negligible in the high
pt region.

All the results have been obtained using NNPDF30_nlo_as_0118 [7]. In order to understand the
sensitivity to the different operators we turn on the coefficient of one operator at a time. We examined
several observables and find that, as well-known, the sensitivity to dimension six operators appears in the
region of large transverse momenta or invariant masses. As an example, we consider the invariant mass
mll of the dilepton pair for W+W− and the photon’s transverse momentum for W+γ.

Our results, presented in Fig. 78 forW+γ and in Figs. 79, 80 (left) forW+W− are shown in terms
of integrated rates. In particular, in the upper panels, we show the number of events assuming 10 ab−1

of integrated luminosity for different values of the coefficients of the operators. In the lower panels we
quantify the significance of the excess by showing the ratio of the number of events in excess of the SM
prediction divided by the squared-root of the number of events predicted in the SM, (NC−NSM)/

√
NSM.

Under the assumption that SM backgrounds can be measured and predicted precisely, the above quantity
gives a rough indication of the significance that can be reached with an integrated luminosity of 10 ab−1.
The two horizontal lines in the lower panels indicate the 3σ and 5σ significance. For each operator, we
show the distributions corresponding to three choices of the coefficients of the operators, that envelope
the 3σ and 5σ lines. For W+W− the maximal sensitivity has a peak for given values of mll. This
corresponds to a value where the departure from the SM predictions are big enough, but the statistics
remains significant. This is not the case for W+γ distributions when we consider the departures from
the SM prediction due toOW +OB . In this case the positive effect due to the presence of the anomalous
coupling κγ is not sufficient to compensate the drop in the number of events in the distributions’ tails.
Therefore the sensitivity does not peak in the region of large transverse momenta. We also remark that,
in order to achieve a significance around 5σ for the W+γ process, we have taken values of cw and cb

which are roughly two orders of magnitude higher with respect to the W+W− case. In other words, the
W+W− process is more effective in constraining the coefficients cw and/or cb than the W+γ process.

We see that, compared to current bounds from 8 TeV LHC [297, 298], bounds improve by more
than two orders of magnitude.

For W+W− production, the right plot in Fig. 80 shows the value of the scale Λ such that we enter
the strong coupling regime, according to the rules of dimensional analysis given in Ref. [299]. Looking
for example at the cwww/Λ

2 = 0.04 TeV−2 case, we see that the non perturbative region is at scales of
several tens of TeV, where our optimal region for the determination of the anomalous couplings is below
10 TeV. The situation is somewhat worse for the cW/Λ

2 = 0.08 and especially for the cb/Λ
2 = 0.2 cases,

where the non-perturbative region is reached near 10 TeV, and the optimal scale for the determination of
the anomalous couplings is near 8 TeV.
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Fig. 81: Sample diagrams entering the calculation of the leading order amplitude for the WW+jet
process, corresponding to (a) W emission from the quark line and (b) emission from an intermediate Z
boson or photon.

7.5 V V +jet production
7.5.1 Overview
We here consider the hadronic production of W pairs in association with a single jet at next-to-leading
order (NLO) in QCD at a proton collider with a center-of-mass energy of 100 TeV. The W bosons decay
leptonically, with all spin correlations included. At tree level this process corresponds to the partonic
reaction,

q + q̄ → W+ +W− + g
|
|

|→ µ− + νµ
|→ νe + e+

(32)

with all possible crossings of the partons between initial and final states. Tree level diagrams for this
process are shown in Fig. 81.

At next-to-leading order we must include the emission of an additional parton, either as a virtual
particle to form a loop amplitude, or as a real external particle. Sample diagrams for virtual NLO con-
tributions are shown in Fig. 82; in addition, one-loop corrections to Fig. 81 (b) must be included. All
results presented in the following have been obtained using the calculation of Ref. [300]22, where vir-
tual corrections have been obtained using generalized unitarity methods [302–307]. The combination of
the virtual contributions with born and real emission diagrams has implemented into MCFM [236, 238].
Note that we do not include the effects of any third-generation quarks, either as external particles or in
internal loops.

7.5.2 Total cross sections
The results presented in this section have been obtained using the parameters shown in Table 26. In
calculations of LO quantities we employ the CTEQ6L1 PDF set [308], while at NLO we use CT10 [309].
The renormalization and factorization scales are usually chosen to be the same, µR = µF = µ, with our
default scale choice µ = µ0 given by,

µ0 ≡
HT

2
=

1

2

∑

i

pi⊥ . (33)

22See also [301].
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Fig. 82: Sample diagrams entering the calculation of the one-loop amplitude for the WW+jet process.
The one-loop diagrams can be categorized according to whether a gluon dresses a leading-order ampli-
tude (left), or whether the diagram includes a closed fermion loop (right).

mW 80.385 GeV ΓW 2.085 GeV
mZ 91.1876 GeV ΓZ 2.4952 GeV
e2 0.095032 g2

W 0.42635
sin2 θW 0.22290 GF 0.116638× 10−4 GeV−2

Table 26: The values of the mass, width and electroweak parameters used to produce the results in this
subsection.

Fig. 83: Cross-sections at 100 TeV, as a function of the transverse momentum cut on the jet.

The sum over the index i runs over all final state leptons and partons. Jets are defined using the anti-kT
algorithm with separation parameter R = 0.5 and must satisfy,

p
jet
⊥ > p

jet
⊥,cut , |ηjet| < 4.5 . (34)

The cross-sections predicted at LO and NLO are shown in Fig. 83, as a function of pjet
⊥,cut and for values

as large as 20 TeV. The cross-sections at NLO are significantly larger than those at LO, by as much as an
order of magnitude at 10 TeV and beyond.

As useful operating points, we use pjet
⊥,cut = 25 GeV and also choose to study the additional case

p
jet
⊥,cut = 300 GeV, which we will label 100 TeV* in the following. The cross-sections for WW+jet

production, together with the corresponding values for the 14 TeV LHC and under the basic jet cuts of

95

CHAPTER 1: STANDARD MODEL PROCESSES

95



√
s p

jet
⊥,cut σLO [pb] σNLO [pb]

14 TeV 25 GeV 39.5+11.7%
−11.0% 48.6+3.8%

−4.0%

100 TeV 25 GeV 648+22.3%
−19.3% 740+4.5%

−9.3%

100 TeV 300 GeV 30.3+11.22%
−10.56% 53.7+8.0%

−7.6%

Table 27: Cross-sections for the process pp → WW+jet at proton-proton colliders of various energies,
together with estimates of the theoretical uncertainty from scale variation as described in the text. Monte
Carlo uncertainties are at most a single unit in the last digit shown shown in the table.

Fig. 84: The distribution of the observable H jets
T =

∑
jets p

jet
⊥ at LO and NLO.

Eq. (34), are collated in Table 27 23. Note that the effect of the decays of the W bosons is not included.
At the 100 TeV machine, the jet cut of 300 GeV has been chosen so that the cross section is similar in
size to the 14 TeV cross section, as can be seen from Table 27. This cut provides a useful benchmark in
a different kinematic regime that may be more appropriate at that collider energy.

An interesting feature of the higher order corrections to processes such as the one at hand is the
existence of so-called “giant K-factors” [205, 310, 311]. An observable that exemplifies this effect is
H

jets
T , which is defined to be the scalar sum of all jet transverse momenta in a given event. At NLO, real

radiation contributions arise in which two hard partons are produced approximately back-to-back, with
the W+W− system relatively soft. Such configurations are not captured at all by the LO calculations,
in which the parton and W+W− system are necessarily balanced in the transverse plane. This results in
the by now well-known feature of huge NLO corrections at large H jets

T , as shown in Fig. 84.

We see that the NLO predictions are at least an order of magnitude larger than their LO counter-
parts in the tails of the distributions24. This onset occurs well before the interesting multi-TeV region.

Another interesting topic to investigate is the total number of events for selection cuts, i.e.

σtot (cut) =

∫
dσΘ (cut) , (35)

where the cuts for dimensionful quantities can reach O ( TeV). Figure 85 displays similar distributions
23Note that there is a minor typographical error in Ref. [300] in the relative uncertainty due to scale variations for the LO

cross section at 100 TeV, which we have corrected here.
24This effect also appears at a 14 TeV LHC, cfr. e.g. [301].
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Fig. 85: Total integrated cross sections (cf. Eq. (35)) at LO and NLO, for the quantity H jets
T =

∑
jets p

jet
⊥

(left) and |pWW
T | ≡ |pjets

T |, the transverse momentum of the complete jet system (right), with pcut
⊥ =

25 GeV in both cases.

Fig. 86: NLO p⊥,j (left) and HT (right) distributions, normalized by the respective total cross sections,
for 14 TeV(red), 100 TeV(blue), and 100 TeV* (green)

for the quantities HT,jets and pWW
T .

7.5.3 Differential distributions
To illustrate some of the key differences between the predictions for WW+jet production at the two
collider energies, we now examine NLO predictions for a number of kinematic distributions. For this
study we consider leptonic decays of the W+ and W− bosons, but do not apply any cuts on the decay
products. We also show the respective distributions at the 14 TeV LHC for comparison. Fig. 86 shows
two quantities that characterize the overall nature of this process, the transverse momentum of the leading
jet and the scalar sum of all jet and lepton transverse momenta,HT . All histograms have been normalized
to the total NLO cross-sections given earlier, in order to better compare their shapes. At 100 TeV the
leading jet is significantly harder than at 14 TeV. The HT distribution is also harder at 100 TeV with, of
course, a significant shift in the peak once the jet cut is raised. 25

Turning to leptonic observables, Fig. 87 shows the transverse momentum and rapidity of the
positron from the W+ decay. The transverse momentum spectrum of the positron falls much less steeply

25This observable is also frequently used as a cut variable in searches for physics beyond the SM, for example in Refs. [312,
313], where cuts are placed in the range ∼ 0.6–2 TeV depending on the details of the search strategy.
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Fig. 87: NLO p⊥,` (left) and η` (right) distributions, normalized by the respective total cross sections, for
14 TeV(red), 100 TeV(blue), and 100 TeV* (green)

Fig. 88: NLO ∆Φ`` (left) and m`` (right) distributions, normalized by the respective total cross sections,
for 14 TeV(red), 100 TeV(blue), and 100 TeV* (green)

at 100 TeV, and even less so with a higher jet cut. The rapidity distribution of the positron is also
changed non-trivially, with the broader peak at 100 TeV reflecting the fact that the process is probing a
much smaller parton fraction. When the jet cut is raised to 300 GeV the required parton fraction is again
larger so that the shape is a little closer to the one found at 14 TeV. 26 An observable that is particularly
interesting for this process is the azimuthal angle between the electron and the positron, which can be
used to isolate contributions to this final state from Higgs boson decays. As shown in Fig. 88, under the
usual jet cuts at 14 TeV, this distribution is peaked towards ∆Φ`` = π, a feature which persists at 100 TeV
using the same jet cut. Once the jet cut is raised significantly, the recoil of the W+W− system results in
the two leptons instead being preferentially produced closer together, i.e. in the region ∆Φ`` → 0. This
is the same region of ∆Φ`` that is favoured by events produced via the Higgs boson decay. Even if the
jet threshold at a 100 TeV collider were not as high as 300 GeV, such a shift in this distribution could be
an important consideration in optimizing Higgs-related analyses in the W+W− decay channel. Despite
this shift to smaller ∆Φ``, the combination of this effect with the change in the p⊥,` distribution shown
earlier results in a relatively similar distribution for m``, albeit with a longer tail.

Finally, we show the distribution of the transverse momentum for the dilepton system p``⊥ , after
cutting on the dilepton invariant mass. The corresponding cross section values are given in Table 28,

26Although not shown here, the jet rapidity exhibits a similar behaviour.
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mmax
`` σLO [pb] σNLO [pb]

125 GeV 4.76 5.34

50 GeV 1.48 1.64

Table 28: Cross-sections for the process pp → WW+jet at a 100 TeV proton-proton collider, for two
different cuts on the dilepton invariant mass. The listed values include leptonic branching ratios. Monte
Carlo uncertainties are at most a single unit in the last digit shown shown in the table.

Fig. 89: Transverse momentum of the dilepton system at LO and NLO, for m`` < 125 GeV (left) and
m`` < 50 GeV (right).

while distributions are shown in Fig. 89.

7.5.4 Summary
Of course, at 100 TeV dimensionful variables, such as p⊥ andm``, exhibit longer tails in the distributions
than at 14 TeV. This simply reflects the increased center-of-mass energy of the system. However this
increase of the center-of-mass energy also leads to broader rapidity distributions. Furthermore, applying
a higher p⊥ cut significantly changes distributions for the dilepton azimuthal angle ∆Φ`` as well as
the total transverse momentum of the visible system HT , which are frequently used for background
suppression for Higgs measurements or BSM searches, respectively. In case such an increased cut is
applied, this needs to be taken into account when devising the respective search strategies at a 100
TeV machine.
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8 Electroweak production of gauge bosons in VBF and VBS processes27

Vector boson fusion (VBF) and vector boson scattering (VBS) processes provide particularly promising
means for probing the mechanism of electroweak symmetry breaking. At hadron colliders, this class
of reactions proceeds via the scattering of (anti-)quarks by the exchange of weak gauge bosons in the
t-channel with subsequent emission of weak gauge bosons, i.e. the purely electroweak (EW) reactions
pp → V jj and pp → V V jj, respectively (with V denoting a W± or a Z boson). In this report, we
focus on leptonic decays of the weak bosons. The jets emerging from the quarks in VBF and VBS
reactions are typically located in the forward and backward regions of the detector. Little QCD activity
is encountered in the central region of rapidity. These characteristic features can be exploited for a
powerful suppression of a priori large QCD backgrounds. In the following, we will consider EW W+jj,
Zjj, W+W+jj, W+Zjj, W+W−jj, and ZZjj production at a 100 TeV proton-proton collider in the
context of the Standard Model. We will devise selection cuts tailored for an optimization of the respective
signal processes in the presence of the most abundant QCD backgrounds, in particular QCD-induced
V V jj processes and, in the case of W+W−jj final states, backgrounds constituted by tt̄ production in
association with up to two jets. For VBS reactions, we assume, for simplicity, that each gauge boson is
decaying into a different type of lepton pair, and neglect interference effects that in principle could arise
from final states involving same-type leptons. Off-shell and non-resonant contributions to the respective
2-lepton+2-jet or 4-lepton+2-jet final states are fully taken into account in all signal channels.

After a description of the general setup and input parameters of our study in Section 8.1, we
will discuss various VBS-induced double and single gauge-boson production processes in Sections 8.2–
8.5, and Section 8.6, respectively. In Section 8.7 benchmark cross sections for the various VBS signal
processes are provided.

8.1 Input parameters and setup
Our numerical calculations are performed with the VBFNLO Monte Carlo package [314–322] for all V jj
and V V jj processes apart from the QCD-induced W+W−jj mode, and the Madgraph code pack-
age [323] for the remaining processes, including the top-induced backgrounds. In principle, the public
POWHEG-BOX package [240–242] provides implementations for several VBS signal and background pro-
cesses including NLO-QCD corrections matched with parton showers [324–333]. However, since the
major goal of this study is to explore the capabilities of a future high-energy collider facility rather than
to perform a precision analysis, we will refrain from using this tool here.

For the results presented in this section we use the SM masses and widths,

MW = 80.385 GeV, ΓW = 2.097547 GeV ,

MZ = 91.1876 GeV, ΓZ = 2.508827 GeV ,

MH = 125.09 GeV, ΓH = 0.004066 GeV ,

mtop = 172.5 GeV, Γtop = 1.340488 GeV .

(36)

The EW coupling constant is computed in theGµ scheme from the above input parameters and the Fermi
constant Gµ = 1.1663787× 10−5 GeV−2, via

αGµ =

√
2GµM

2
W

π

(
1− M2

W

M2
Z

)
. (37)

External b-and t-quark contributions are disregarded throughout in all matrix elements. For the par-
ton distribution functions (PDFs) of the proton, we use the MMHT2014lo/nlo68cl sets [9] at LO and
NLO, respectively, and the corresponding values of αs as provided by the LHAPDF repository [21]. As

27Editor: B.Jäger
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factorization scale, µF , and renormalization scale, µR, for the EW V V jj processes we use

µF = µR = Qi , (38)

where the Qi denote the momentum transfer of the incoming to the outgoing quark on the upper and
lower fermion lines, respectively. For the QCD induced V V jj processes, we use

µF = µR =
1

2
HT , (39)

with
HT =

∑

i

pT,i + ET (V1) + ET (V2) , (40)

where the summation is running over all final-state partons in an event, and the transverse energy of each
weak boson is determined by its transverse momentum, pT,V , and mass, MV , via

ET (V ) =
√
p2
T,V +M2

V . (41)

For our numerical analysis, we use a set of minimal selection cuts. For the reconstruction of jets,
we use the anti-kT algorithm with R = 0.4, and demand a minimum transverse momentum,

pT,jet ≥ 50 GeV . (42)

The two hardest jets fulfilling the cut of Eq. (42) are called “tagging jets”. These two jets are required to
reside in opposite hemispheres of the detector,

yj1 × yj2 < 0 . (43)

For charged leptons we impose cuts on transverse momenta, rapidities, and jet-lepton separations
in the rapidity-azimuthal angle plane,

pT,` ≥ 20 GeV , |y`| ≤ 5 , ∆Rjet,` ≥ 0.4 . (44)

A very powerful tool for the suppression of background processes is provided by requiring the charged
leptons to be located in between the two tagging jets in rapidity,

ytagj,min < y` < ytagj,max . (45)

For the ZZjj, W±Zjj, and Zjj processes, to suppress contributions from photons of very small
virtuality we furthermore require a minimal invariant mass for all pairs of oppositely charged leptons,

M`+`− > 15 GeV . (46)

In addition to these minimal cuts, process-specific selection cuts are devised for each channel.

8.2 W+W+jj

For the W+W+jj channel, we consider the representative νee+νµµ
+jj final state. We found that the

EW signal in the presence of QCD-induced W+W+jj production can be improved by a set of selection
cuts that are imposed in addition to the minimal cuts of Eqs. (42)–(45). Because of the absence of gluon-
induced contributions in the QCD-induced production mode a very large signal-to-background (S/B)
ratio of 29.35 can be achieved by rather moderate customized cuts on the separation of the two tagging
jets,

mjj > 500 GeV , ∆yjj > 1.5 . (47)
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Fig. 90: Transverse-momentum distribution of the hardest jet in pp → νee
+νµµ

+jj via VBS, within
the selection cuts of Eqs. (42)–(45) and Eq. (47). The upper panel shows the LO (blue line) and the
NLO-QCD results (green line) for the EW process, while the lower panel displays the K-factor that is
defined as the ratio of the NLO to the LO result.

With this set of cuts, we obtain cross sections of σEW = 49.335(8) fb and σQCD = 1.681(2) fb for
EW- and QCD-induced W+W+jj production, respectively, at LO. The NLO-QCD corrections to the
EW signal process are small, resulting in a cross section of σEW

NLO = 52.56(2) fb. We note, however, that
the NLO-QCD corrections are not flat, but affect bulk and tail of distributions in a non-trivial manner.
To illustrate this effect, we depict the transverse momentum distribution of the hardest jet at LO and
NLO QCD in Fig. 90. Despite the non-negligible impact of NLO-QCD corrections, in the following
we restrict our analysis to LO, since at this time details of a possible experimental setup represent the
dominant source of uncertainties.

Figure 91 shows the EW signal and the QCD background for the same distribution and, in addi-
tion, for the transverse mass distribution of the gauge-boson system. In order to spot new physics that
mostly impacts the tails of invariant-mass and transverse-momentum distributions, searches typically
focus on the kinematic region of large invariant masses of the gauge-boson system. In the presence of
two neutrinos, this quantity is not fully reconstructible. In this case, the transverse mass of the W+W+

system is considered instead, that is defined by

MTWW
=

√(
E``T + EmissT

)2 −
(
~p``T + ~pmiss

T

)2
, (48)

where
E``T =

√
(~p``T )2 +M2

`` , EmissT = |~pmiss
T | . (49)

Here, ~p``T denotes the transverse momentum of the charged-lepton system, and ~pmiss
T the total transverse

momentum of the neutrino system.

The transverse-mass distribution depicted in Fig. 91 clearly exhibits that the EW signal is domi-
nating over the entire kinematic range. Thus, even after the application of a severe cut on MTWW

that
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Fig. 91: Transverse-momentum distribution of the hardest jet (l.h.s.) and transverse-mass distribution
of the gauge-boson system (r.h.s) for the EW-induced (blue line) and QCD-induced (red line) contribu-
tions to pp → νee

+νµµ
+jj, within the selection cuts of Eqs. (42)–(45) and Eq. (47) for an integrated

luminosity of 30 ab−1.
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Fig. 92: Total number of events produced with pT,j1 > pmin
T,j1

(l.h.s.) and with MTWW
> Mmin

TWW
(r.h.s.)

for the EW-induced (blue line) and QCD-induced (red line) contributions to pp → νee
+νµµ

+jj, within
the selection cuts of Eqs. (42)–(45) and Eq. (47) for an integrated luminosity of 30 ab−1.

might be necessary in new physics searches, the impact of the QCD-induced background on the VBS
signal will remain small. In order to quantify the number of events per bin we are assuming an integrated
luminosity of 30 ab−1.

In Fig. 92 we show the number of events above a specific value of the tagging jets’ transverse mo-
mentum and the gauge-boson system’s transverse mass, respectively, assuming an integrated luminosity
of 30 ab−1.
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Fig. 93: Invariant-mass distribution (l.h.s.) and rapidity separation of the two tagging jets (r.h.s.) for
the EW-induced (blue line) and QCD-induced (red line) contributions to pp→ νee

+µ−µ+jj, within the
selection cuts of Eqs. (42)–(46) and Eq. (50) for an integrated luminosity of 30 ab−1.

8.3 W+Zjj

For the W+Zjj channel, we consider the representative νee+µ−µ+jj final state. An optimization of
the S/B ratio in the W+Zjj channel can be achieved when in addition to the cuts of Eqs. (42)–(46) the
following process-specific cuts are imposed:

mjj > 2500 GeV , ∆yjj > 5 . (50)

With the cuts of Eqs. (42)–(46) and Eq. (50), we obtain a cross section of σEW = 5.0547(7) fb and
σQCD = 2.801(1) fb for EW- and QCD-induced W+Zjj production, respectively, at LO, resulting in
an S/B ratio of 1.80. For this setup, the invariant mass distribution and the rapidity separation of the two
tagging jets are shown in Fig. 93. Obviously, in the QCD-induced production mode the two jets tend to
be closer, which is essential for the design of cuts for the improvement of the S/B ratio.

In contrast to W+W+jj and W+W−jj final states where the invariant mass of the two-gauge-
boson system cannot be determined in the fully leptonic decay modes, such a reconstruction is possible
in the W+Zjj channel using kinematical constraints to estimate the longitudinal component of the neu-
trino momentum. The distribution of the invariant mass computed from these reconstructed momenta
is depicted in Fig. 94 together with the number of events above a specific value of MWZ , assuming an
integrated luminosity of 30 ab−1.

8.4 ZZjj

The ZZjj channel is of particular phenomenological relevance, both, as VBS process that is sensitive,
for instance, to new scalar resonances in the TeV regime, and as background to Higgs production via
vector boson fusion in the H → ZZ decay mode. Here, we focus on the fully leptonic final state where
each Z boson decays into a lepton pair of different type, i.e. the process pp→ e−e+µ−µ+jj.

Proceeding in the same manner as for the W+W+jj and W+Zjj processes, we devise a set of
selection cuts enhancing the impact of the EW production mode with respect to QCD-induced ZZjj
production. To this end, we impose the basic selection cuts of Eqs. (42)–(46), amended by the extra cuts
of

mjj > 2000 GeV , ∆yjj > 3 . (51)
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Fig. 94: Invariant-mass distribution of the WZ system reconstructed from the lepton momenta (l.h.s.)
and total number of events produced with MWZ > Mmin

WZ (r.h.s) for the EW-induced (blue line) and
QCD-induced (red line) contributions to pp→ νee

+µ−µ+jj, within the selection cuts of Eqs. (42)–(46)
and Eq. (50). An integrated luminosity of 30 ab−1 is assumed.
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Fig. 95: Invariant-mass distribution of the four-lepton system for two different ranges of the EW-induced
(blue line) and QCD-induced (red line) contributions to pp → e−e+µ−µ+jj, within the selection cuts
of Eqs. (42)–(46) and Eq. (51). An integrated luminosity of 30 ab−1 is assumed.

With these cuts, we find a LO cross section of σEW = 2.1506(7) fb and σQCD = 0.2533(2) fb for EW-
and QCD-induced ZZjj production, respectively, resulting in an S/B ratio of 8.49.

The invariant mass of theZZ system can be fully reconstructed from the momenta of the final-state
charged leptons. Figure 95 shows the four-lepton invariant-mass distribution in two different ranges. At
low values ofMZZ , an interesting structure can be observed that is due to the Z peak around 91 GeV and,
for the EW production mode, the Higgs resonance at 125 GeV. Both channels exhibit a broad continuum
contribution above the Z-pair production threshold with the QCD contribution decreasing slightly faster
than the EW contribution. In Fig. 96 we show the number of events above a specific value of the tagging
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Fig. 96: Total number of events produced with pT,j1 > pmin
T,j1

(l.h.s.) and with mjj > mmin
jj (r.h.s.) for

the EW-induced (blue line) and QCD-induced (red line) contributions to pp→ e−e+µ−µ+jj, within the
selection cuts of Eqs. (42)–(46) and Eq. (51). An integrated luminosity of 30 ab−1 is assumed.

jets’ transverse momenta and invariant mass, respectively, assuming an integrated luminosity of 30 ab−1.

8.5 W+W−jj

The strategy applied to the W+W−jj channel differs from the respective analyses of other channels,
as in this case the dominant source of background to the VBS signal is provided not by QCD-induced
W+W−jj production, but by top-pair production in association with jets. In the tt̄ channel, when the
dominant decay modes of the top quarks into W bosons and bottom quarks are considered, the bottom
quarks can be misidentified as light-flavor tag jets. Even more problematic are modes where a tt̄ pair
is produced in association with one or two jets that may mimic the tag jets of a VBS event. Because
of the large event rates, despite the application of efficient b-veto techniques it is difficult to reduce the
background associated with these various tt̄ processes below the level of the signal cross section with
cut-based techniques. In order to find an optimal set of selection cuts for EW W+W−jj production, we
therefore take tt̄, tt̄+1 jet, tt̄+2 jet, and QCD-induced W+W−jj production processes into account.
We use MadGraph5 for the simulation of the top backgrounds that we generically refer to as tt̄+jets. We
focus on final states with different types of leptons, e+νeµ

−ν̄µjj.

An optimal S/B ratio is obtained with the basic selection cuts of Eqs. (42)–(45) and additional
cuts on the separation of the two tagging jets,

mjj > 2000 GeV , ∆yjj > 5 . (52)

For the suppression of the tt̄+jets backgrounds, we veto any events with an identified b quark, assuming
the b-tagging efficiencies listed in Table 29. Events passing the b-veto are rejected, if they exhibit any jet
in the rapidity interval between the two tagging jets,

ytagj,min < yvetoj < ytagj,max . (53)

Note that in our LO calculation the VBS signal and the QCD-induced W+W−jj background never
exhibit more than two jets and thus always pass the cut of Eq. (53). With the full set of selection cuts and
the b-veto procedure we apply, we find cross sections of σEW = 58.28(2) fb, σQCD = 17.1(1) fb, and
σtt̄+jets = 5.2(4) fb.
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pvetoT j [GeV] 1.4 < |ηvetoj | |ηvetoj | < 1.4

20 - 50 60% 70%

50 - 80 65% 75%

80 - 120 70% 80%

120 - 170 70% 80%

> 170 65% 75%

Table 29: Assumed b-tagging efficiencies as functions of the transverse momentum of the jet for different
rapidity ranges (adapted from Ref. [334]).

8.6 Single gauge-boson production via VBF
The efficient suppression of QCD backgrounds is much more challenging for single gauge-boson pro-
duction via VBF than in the case of gauge-boson pair production via VBS. A simple cut-based analysis
is not capable of yielding S/B ratios much larger than one. More advanced techniques will be necessary
for a clean isolation of the VBF signal in these cases. We nonetheless report our results for a simple
cut-based study here to convey which orders of magnitude are to be expected for signal and background
cross sections after VBF-specific selection cuts are imposed. We consider the representative e−e+jj and
νee

+jj final states for the Zjj and W+jj processes, respectively.

We impose the cuts of Eqs. (42)–(45). Furthermore, the tagging jets are required to exhibit a large
invariant mass and be well-separated in rapidity,

mjj > 2000 GeV , ∆yjj > 5 . (54)

For the Zjj production process, in addition the cut of Eq. (46) is applied to the decay leptons.

The cut on the on the lepton rapidity relative to the tagging jets, Eq. (45), is particularly important
for the suppression of the QCD backgrounds that typically feature leptons not located in between the
tagging jets. The impact of this cut is illustrated by Fig. 97, where for pp → νee

+jj we show the
distribution of the y?` variable, defined as

y?` = y` −
ytagj1 + ytagj2

2
, (55)

without and with the cut of Eq. (45). The cut has an impact of about 40% on the QCD background, while
it reduces the EW signal cross section only marginally.

With the above-listed cuts (including the requirement on the lepton rapidity), the cross sections
given in Table 30 are obtained for the EW signal and the respective QCD background processes in the
W+jj and Zjj modes when decays of the gauge bosons into a specific lepton pair are considered.

The larger S/B ratios given in Table 31 can be obtained, if the more severe cuts

mjj > 3000 GeV , ∆yjj > 6 , |y`| ≤ 1 , (56)

are imposed on the tagging jets and the charged leptons.

In Figs. 98 and 99, for the Zjj and W+jj production modes we show the number of events above
a specific value of the tagging jets’ transverse momenta and invariant mass, respectively, assuming an
integrated luminosity of 30 ab−1.
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Fig. 97: Distribution of the y?` variable for the EW-induced (blue line) and QCD-induced (red line)
contributions to pp → νee

+jj, within the selection cuts of Eqs. (42)–(44) and Eq.(54), without (l.h.s.)
and with (r.h.s.) the lepton rapidity-gap cut of Eq. (45). An integrated luminosity of 30 ab−1 is assumed.

EW production QCD production S/B

σLO(W+jj) 6980.1(8) 41324(10) 0.17

σLO(Zjj) 1079.5(3) 5164(1) 0.21

Table 30: Cross sections for the EW-induced V jj production processes together with the irreducible
QCD background and the signal-to-background ratio, S/B, within the default cuts for V jj processes
discussed in the text. Decays of the weak bosons into a specific leptonic final state are included as
detailed in the text. All cross sections are given in [fb].

EW production QCD production S/B

σLO(W+jj) 1488.1(4) 1227.8(8) 1.21

σLO(Zjj) 154.4(1) 138.0(1) 1.12

Table 31: Cross sections for the EW-induced V jj production processes together with the irreducible
QCD background and the signal-to-background ratio, S/B, within the default cuts for V jj processes
discussed in the text and the additional cuts of Eq. (56). Decays of the weak bosons into a specific
leptonic final state are included as detailed in the text. All cross sections are given in [fb].

8.7 Benchmark cross sections
As we have shown above, dedicated sets of selection cuts are essential for obtaining optimal signal-to-
background ratios in the environment of a high-energy hadron collider. Nonetheless, we here provide
cross sections for the various VBS processes within simple cut scenarios to facilitate comparisons among
the various channels.

In Table 32 we list numbers for an inclusive setup where we only impose the transverse-momentum
cuts of Eq. (42) on the two tagging jets reconstructed via the anti-kT algorithm with R = 0.4. For
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Fig. 98: Total number of events produced with pT,j1 > pmin
T,j1

(l.h.s.) and withmjj > mmin
jj (r.h.s.) for the

EW-induced (blue line) and QCD-induced (red line) contributions to pp→ e−e+jj, within the selection
cuts of Eqs. (42)–(46), and Eq. (54). An integrated luminosity of 30 ab−1 is assumed.
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Fig. 99: Total number of events produced with pT,j1 > pmin
T,j1

(l.h.s.) and withmjj > mmin
jj (r.h.s.) for the

EW-induced (blue line) and QCD-induced (red line) contributions to pp→ νee
+jj, within the selection

cuts of Eqs. (42)–(45), and Eq. (54). An integrated luminosity of 30 ab−1 is assumed.

processes with final-state Z bosons we additionally require

M`+`− > 66 GeV (57)

for all oppositely-signed lepton pairs to suppress contributions from photons splitting into lepton pairs.

In Tab. 33 we additionally impose VBS-specific cuts on the tagging jets,

yj1 × yj2 < 0 , mjj > 2000 GeV , ∆yjj > 5 . (58)

Cross sections with realistic cuts on the decay leptons as given in Eqs. (44)–(45) are listed in Tab. 34.
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VBS channel cross section [fb]

W+ jj 41 200

Z jj 7 215

W+ W− jj 245.7

W+ W+ jj 104.8

W+ Z jj 19.64

ZZ jj 5.372

Table 32: Cross sections for various VBS processes within the cuts of Eq. (42). For processes with
Z bosons, additionally the cut of Eq. (57) is imposed. Decays of the weak bosons into a specific leptonic
final state are included as detailed in the text. Statistical errors are at the permille level in each case.

VBS channel cross section [fb]

W+ jj 8 670

Z jj 1 461

W+ W− jj 93.27

W+ W+ jj 48.35

W+ Z jj 8.312

ZZ jj 2.419

Table 33: Cross sections for various VBS processes within the cuts of Eqs. (42) and (58). For processes
with Z bosons, additionally the cut of Eq. (57) is imposed. Decays of the weak bosons into a specific
leptonic final state are included as detailed in the text. Statistical errors are at the permille level in each
case.

VBS channel cross section [fb]

W+ jj 6 979

Z jj 1 050

W+ W− jj 58.30

W+ W+ jj 32.36

W+ Z jj 4.875

ZZ jj 1.415

Table 34: Cross sections for various VBS processes within the cuts of Eqs. (42), (58), (44)–(45). For
processes with Z bosons, additionally the cut of Eq. (57) is imposed. Decays of the weak bosons into a
specific leptonic final state are included as detailed in the text. Statistical errors are at the permille level
in each case.
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9 Jets28

The production of jets is the process that by far dominates, at all distance scales, the final states emerging
from hard collisions among the proton constituents.

9.1 Inclusive jet and dijet production
Figure 100 shows the integrated rates for the production of events with at least one jet of transverse
momentum pT larger than a given threshold. The distribution refers to jets with pseudorapidity η in
the range |η| < 2.5. Figure 101 shows the probability that events with jets above certain pT threshold
be contained inside certain η ranges. Notice the huge η extension, even for jets with pT in the TeV
range. Assuming integrated luminosities in excess of 1 ab−1, the reach in pT extends well above 20 TeV.
Fully containing and accurately measuring these jet energies sets important constraints on the design of
calorimeters, e.g. requiring big depth and therefore large transverse size, with a big impact on the overall
dimensions and weight of the detectors.

Fig. 100: Rates of events with one jet of |η| < 2.5 and pT > pminT .

Fig. 101: Left: acceptance, for jets above various pT thresholds, to be contained within |ηj | < ηmin.
Right: probability to be outside the ηmin acceptance.

These choices become particularly relevant in the context of searches for high-mass resonances in
dijet final states, where the separation from the continuum background of possibly narrow states requires

28Editors: A. Larkoski, M. Pierini, M. Selvaggi
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Fig. 102: Left: dijet mass spectra, for different η constraints. Right: partonic composition of dijet final
states, as a function of the dijet mass.

good energy resolution. Figure 102 shows the rates for QCD production of final states with a dijet of
invariant mass above a given threshold. We consider two cases: the dijet mass spectrum of all pairs
with jets within |η| < 5, and the spectrum limited to jets produced at large angle in the dijet center of
mass (|η1 − η2| < 2), a configuration which is more typical of the production and decay of a possible
resonance. Notice that, particularly at the largest masses, the former rates are several orders of magnitude
larger than the latter ones. This is because one is dominated there by the low-angle scattering. But even
for central production we have rates in excess of 1 event/ab−1 for masses above 50 TeV. The relative
partonic composition of central dijet events, as a function of the dijet mass, is shown in the right plot of
Fig. 102. In the region 2 TeV<∼Mjj <∼20 TeV the final states are dominated by qg pairs. Above 20 TeV,
we find mostly qq pairs (the qq̄ component is greatly suppressed throughout).

9.2 Spectroscopy with high-mass dijets
A central goal of the 100 TeV collider would be the discovery of new states with multi-TeV masses. If
these states are able to be produced at a pp collider, then they must decay to light quarks and gluons.
Additionally, these states may decay to electroweak-scale objects, especially if they are related to the
(solution of the) hierarchy problem. The dominant decay modes of electroweak bosons and the top
quark is to hadronic final states. Therefore, we should generically expect that final states with jets are
among the most sensitive to new physics signals. In this section, we will study resonances that decay to
pairs of QCD jets or electroweak objects and the sensitivity of jet algorithm parameters to reconstructing
invariant mass spectra.

In this section, and the following sections, we simulate events as follows. Narrow color-singlet
resonances with masses of 10, 20, 30, and 40 TeV that decay to pairs of top quarks, W bosons, light
quarks, or gluons in pp collision events at 100 TeV are generated with MadGraph_aMC@NLO v2.3.2.2
[64]. The top quark and W boson final states are decayed fully hadronically. The parton-level events
are then showered with Pythia v8.2 [32] or Herwig++ v2.7.1 [101]. The resulting jets are clustered with
the anti-kT algorithm [203] using FastJet v3.1.3 [212]. Only particles with pseudorapidity |η| < 2.5 are
included in the jet clustering and only jets with transverse momentum pT larger than 20% of the mass of
the mother resonance are included. This latter cut effectively imposes a cut on the pseudorapidity of the
jets |ηJ | . 1.5. For this analysis, we are most interested in the required performance and resolution of
the detector to reconstruct the jets and the resonance, and so this cut will not directly affect that. It is to
guarantee that the jets we are studying are indeed those that originated from the resonance decay.

In Figs. 103-106, we plot the invariant mass distribution of the two highest pT jets from events
with a 20 TeV resonance. We scan over the jets’ radii ranging from R = 0.05 to R = 0.5. Because
the resonance is almost always produced at rest, the total invariant mass of these events will be about 20
TeV. As the radius of the jets increases, more radiation in the final state is captured in the jets. The long
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tail of the mass distributions extending below 20 TeV indicates that there is some amount of radiation
from the decay of the resonance that is not being captured in the two hardest jets. This tail decreases as
the jet radius increases and is essentially absent for hadronically decaying W bosons, for the range of R
considered. W bosons are color singlets, and so do not radiate at wide angles. Therefore, once the jet
radius is large enough to capture the W decay products, then essentially all of the radiation in the final
state is in the jets.
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Fig. 103: Dijet invariant mass spectrum of boosted top quarks produced from the decay of a 20 TeV
resonance with jet radii ranging from R = 0.05 to R = 0.5.

For colored top quarks, light quarks, and gluons the tail is never completely removed, as long as
there is radiation in the event not captured in the jet. There is always a non-zero probability that a colored
parton will emit radiation outside of the jet and therefore will effectively lose energy. By increasing the
jet radius, the tail of the resonance mass distribution extending to small masses can be reduced. In
Fig. 107, we plot the dijet invariant mass for resonances decaying to gluons and light quark jets with jet
radius R = 1.0. As compared to earlier plots, where the jet radius extended to only R = 0.5, the mass
distribution is much more symmetric and the tail extending to small masses is nearly eliminated.

This effect on the pT of the jet can be estimated in the small jet radius R limit. The average pT
loss 〈δpT 〉 due to perturbative radiation is [335, 336]

〈δpT 〉 =
αs
π
Li logR+O(αs) . (59)

Li is a constant that depends on the flavor of the jet:

Lq =

(
2 log 2− 3

8

)
CF , (60)

Lg =

(
2 log 2− 43

96

)
CA +

7

48
nfTR . (61)
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Fig. 104: Light QCD quark dijet invariant mass spectrum produced from the decay of a 20 TeV resonance
with jet radii ranging from R = 0.05 to R = 0.5.

For resonances that decay to two jets, this pT loss can be translated into the average difference between
the true resonance mass and the dijet invariant mass, 〈δm〉. To lowest order in the small jet radius limit,
assuming that the resonance is produced at rest, this mass difference is approximately

〈δm〉 ' −mαs
2π
Li logR+O(αs) , (62)

where m is the mass of the resonance.

In Fig. 108, we plot the average difference between the dijet invariant mass and the true resonance
mass 〈δm〉 as a function of the jet radiusR. On these plots, we have also included the analytic prediction
of Eq. 62 for reference. Once the jet radius is large enough to capture all of theW decay products (above
about R = 0.03), the di-W invariant mass is very close to the true resonance mass, as expected because
it is a color-singlet. For light quark and gluon jets, the prediction in Eq. 62 agrees very well with the
slope of the curve from the Monte Carlos. The offset differs, but is affected by R-independent O(αs)
corrections that we have not included. Like for W s, if the jet radius is too small, then all of the decay
products of the top quark will not be captured in the jet. However, once the jet radius is above about
R = 0.06, the top quark emits radiation outside of the jet in the same manner as a light quark.

As a quantitative measure of the optimal precision to which resonance masses can be recon-
structed, in Fig. 109 we plot the fractional full-width half-maximum of the reconstructed 20 TeV res-
onance that decays to W bosons and gluons as a function of the jet radius. As illustrated in Fig. 106, the
width of the resonance decaying to W bosons is exceptionally small, and appears to only be limited by
the intrinsic width of the resonance. If the jet radius is too large, however, then more contamination ra-
diation will be captured by the jet, smearing out the resonance peak. For resonances decaying to gluons,
the opposite is true. If the jet radius is too narrow, then a significant amount of final state radiation will
exit the jet, greatly reducing the resolution of the resonance peak. However, as the jet radius increases,
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Fig. 105: Gluon dijet invariant mass spectrum produced from the decay of a 20 TeV resonance with jet
radii ranging from R = 0.05 to R = 0.5.
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Fig. 106: Dijet invariant mass spectrum of boosted W bosons produced from the decay of a 20 TeV
resonance with jet radii of R = 0.05 and R = 0.1.

more of this radiation is captured in the jet, improving the resolution. Note, however, that even with the
largest jet radius, the resolution of the resonance mass for gluons is at the percent level, as compared to
less than a part per mille for W s.

9.3 SM physics of boosted objects
Given that jets or hadronically decaying electroweak objects may be the most powerful probe into new,
high scale physics, it is necessary to efficiently identify their origin. For electroweak particles, the most
sensitive single observable is the mass and jets with masses around 100 GeV are evidence of electroweak
origin. Jets initiated by light QCD partons, on the other hand, have no intrinsic high-energy scale.
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Fig. 107: Light quark dijet invariant mass spectrum (left) and gluon dijet invariant mass spectrum (right)
produced from the decay of a 20 TeV resonance with jet radius of R = 1.0.
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Fig. 108: Average fractional difference between dijet invariant mass from anti-kT jets with various radii
and the true 20 TeV resonance that decays to tops, light QCD quarks, W s, and gluons. The prediction of
Eq. 62 is shown for reference.

Depending on the cuts made on the jets as imposed by the jet algorithm, the mass spectra of QCD jets
will be correspondingly sculpted and may peak in the electroweak mass window. More detailed analyses
can be performed for identifying specific jets; see for example the studies in Refs. [337–339], dedicated
to top quarks. We will review the conclusions of some of these top quark studies in Section 9.3.1.

Jet mass distributions are plotted in Figs. 110-113. Here, we plot the masses of the jets from the
resonance decays studied in the previous section with the same cuts imposed. The mass of the resonance
is fixed to 10 TeV, and the jet radius is varied from R = 0.05 to R = 0.5. For quark and gluon jets, the
mass distributions increase as the jet radius increases. For these jets, the peak of the mass distribution is

116

CHAPTER 1: STANDARD MODEL PROCESSES

116



log(R)
›2 ›1.5 ›1 ›0.5 0

F
W

H
M

 /
 m

0

0.001

0.002

0.003

0.004  = 20 TeV
Z

w jets, m

Herwig++

Pythia8

(R)
10

log
-2 -1.5 -1 -0.5 0

FW
H

M
 / 

m

-310

-210

-110

 = 20 TeV
G

glu jets, m

Herwig++
Pythia8

Fig. 109: Full-width half maximum of the 20 TeV resonance that decayed to boosted W bosons (left)
and gluon jets (right).

located approximately at
mQCD

peak '
αs
π
CiRpT , (63)

where Ci is the color of the jet and pT is its transverse momentum. As illustrated in the plots, the peak
of these QCD jets is in the electroweak mass range for R & 0.2. Therefore, by decreasing the jet radius,
we reduce the number of QCD jets that look like jets from hadronic decays of electroweak objects.

The mass of jets initiated by hadronic decays of top quarks or W bosons have very different
dependence on jet radius. At the smallest jet radius studied, R = 0.05, there is a significant amount
of radiation in the decays that are not captured in the jet. For W bosons, while there is a pronounced
peak at the W mass, there is a tail at small masses indicating that a fraction of the jets do not contain
both prongs of the W decay. For top quarks, there actually is no peak at the top mass whatsoever. Some
jets do consist of the W from the decay, but the bulk is a smooth, falling distribution. As the radius is
increased more of the decay products are included in the jets, and so for R & 0.1, most of the top and W
jets exhibit dominant peaks at their expected masses. As a rule of thumb, the critical jet radius necessary
to capture all of the decay products for a resonance of mass m is approximately

Rcrit '
2m

pT
. (64)

When the jet radius is increased to R = 0.5, however, the mass distribution is significantly de-
formed. This is due to the inclusion of more contamination radiation in the jet, that is uncorrelated with
the decay. This radiation may come from the initial state or underlying event and is approximately uni-
formly distributed over the area of the jet. Therefore, its contribution to the transverse momentum of the
jet scales like the area of the jet, R2, while its contribution to the mass of the jet scales like R4. Roughly,
in changing the jet radius from R = 0.2 to R = 0.5, the effect of contamination radiation on the jet mass
increased by a factor of almost 40. This illustrates that, to accurately reproduce the resonance peak, to
reduce QCD backgrounds, and to eliminate contamination, a jet radius close to the critical radius Rcrit in
Eq. 64 should be used.

These observations are further illustrated in Figs. 114-117. Here, we have plotted the average
energy fraction located within an angle ∆R from the jet center. The jet radius is fixed to be R = 0.5
and the mass of the resonance that decays to the jets ranges from 10 to 40 TeV. As expected from the
approximate scale invariance of QCD, the average energy curves for quark and gluon jets is essentially
independent of the pT of the jet. The top mass jets exhibit small pT dependence between the 10 and 20
TeV resonance mass samples, but are independent for the higher mass samples. For sufficiently high pT
jets, top quarks are just light quarks. For the boosted W bosons, on the other hand, almost all of the
jet pT is contained within the critical radius Rcrit. W bosons are color singlets and so there is no scale
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Fig. 110: Jet mass distribution of R = 0.05 jets produced from 10 TeV resonance decays to tops, light
QCD quarks, W s, and gluons.

above which their radiation pattern looks like light QCD jets. This suggests that isolation requirements,
similar to that used for τ identification at the LHC, could be used to purify a sample with boosted,
hadronically-decaying W bosons.

9.3.1 Top Quark Tagging at FCC
Tagging hadronically-decaying boosted top quarks is a fundamental problem at the LHC and will be
important at the FCC also. There has been significant effort devoted to the development of observables
and algorithms for identification of top quarks at the LHC; see the reviews [340–344] and references
therein. In this section, we will review recent studies of top quark identification at the FCC.

In the study of Ref. [339], top quarks produced at high boosts at the FCC were identified by
measuring observables on jets that are sensitive to the three-prong structure of the hadronic top quark
decay. Due to the extreme hierarchy between possible pT s at the FCC and the top quark mass, there were
several components of the tagging algorithm proposed by Ref. [339]. The tagging procedure used there
was the following:

1. Jets are first clustered using the anti-kT algorithm with a fixed jet radius of R = 1.0. These R =
1.0 jets are then reclustered with a radiusR = 4mtop/pT , where pT is the transverse momentum of
the original jet. Only the hardest jet found from this reclustering is kept. This procedure minimizes
the effect of contamination radiation on the top quark mass measurement.

2. The invariant mass of the tracks mtracks in the resulting jet is measured. To account for the bias
of this mass measurement with respect to the total jet mass (at least on average), a rescaled track
mass is defined as:

mres =
pT

ptracks
T

mtracks ,
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Fig. 111: Jet mass distribution of R = 0.1 jets produced from 10 TeV resonance decays to tops, light
QCD quarks, W s, and gluons.

where pT is the total transverse momentum of the jet and ptracks
T is just the transverse momentum

in tracks. The rescaled jet mass was required to lie in the window mres ∈ [120, 250] GeV around
the top quark mass.

3. On these jets that passed the rescaled track mass cut, the substructure observables N -subjettiness
[345, 346] and energy correlation functions [347] were measured exclusively on the tracks. Rel-
evant for three-prong top quark jets, the N -subjettiness ratio τ3/τ2 and the energy correlation
function observable D3 [348] were used. Top quark signal jets take relatively small values for
these observables while background jets initiated by light QCD partons have relatively large val-
ues, and so a cut can be applied to further discriminate boosted top quarks from background QCD
jets.

Depending on acceptance or purity criteria, the precise cut on the observables τ3/τ2 and D3 will change,
so a useful way to illustrate the discrimination power of an observable is with a signal versus background
efficiency curve, or ROC curve. To generate the results in this section only, we showered fixed-order
events generated with MadGraph_aMC@NLO v2.2.2 with Pythia v6.4. Complete details of event gen-
eration and the discrimination procedure are presented in Ref. [339].

To include at least a benchmark for detector effects, Ref. [339] used the fast detector simulator
DELPHES [349], with a hypothetical future collider’s detector modeled off of the CMS detector [350].
The detector simulation parameters of the model CMS detector and FCC detector used in that study
are summarized in Tables 35 and 36. Ref. [339] emphasized that the simulated detectors are both quite
conservative and would require a full GEANT-based simulation [351] to truly accurately describe all
features of the FCC detector.

A few of the detector parameters were customized for the extreme environment of the FCC, espe-
cially in the high density environment of the tracking system. The magnetic field strength B, the size of
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Fig. 112: Jet mass distribution of R = 0.2 jets produced from 10 TeV resonance decays to tops, light
QCD quarks, W s, and gluons.

CMS FCC

Bz (T ) 3.8 6.0

Length (m) 6 12

Radius (m) 1.3 2.6

ε0 0.90 0.95

R∗ 0.002 0.001

σ(pT )/pT 0.2 · pT (TeV/c) 0.02 · pT (TeV/c)

σ(η, φ) 0.002 0.001

Table 35: Tracking-related parameters for the CMS and FCC setup in Delphes.

the tracking radius L and the single hit spatial resolution σrφ are the main parameters that constrain the
resolution on the track transverse momentum:

σ(pT )

pT
≈ σrφ
B · L2

. (65)

The jet center has the highest density of charged particles, and so this should describe the dominant effect
on the resolution. For tracks a distance R from the jet center, we define the track resolution efficiency

ε(R) =
2ε0
π

arctan

(
R

R∗

)
. (66)
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Fig. 113: Jet mass distribution of R = 0.5 jets produced from 10 TeV resonance decays to tops, light
QCD quarks, W s, and gluons.

CMS FCC

σ(E)/E (ECAL) 7%/
√
E ⊕ 0.7% 3%/

√
E ⊕ 0.3%

σ(E)/E (HCAL) 150%/
√
E ⊕ 5% 50%/

√
E ⊕ 1%

η × φ cell size (ECAL) (0.02× 0.02) (0.01× 0.01)

η × φ cell size (HCAL) (0.1× 0.1) (0.05× 0.05)

Table 36: Calorimeter parameters for the CMS and FCC setup in Delphes.

R∗ is a parameter that controls the angular resolution of the tracker, where we set R∗ = 0.001 for
simulated FCC detector and R∗ = 0.002 for modeling the CMS detector.

Representative ROC curves are shown in Fig. 118 for discrimination of boosted top quarks from
jets initiated by light QCD partons at the FCC for jets with pT ∈ [15, 20] TeV. The quark and gluon jet
backgrounds have been separated and the ROC curves for track- or calorimeter-based measurements are
compared. The effect of the cut on the rescaled track jet mass is included in efficiencies. Table 37 lists
background rejection rates in several jet pT bins at fixed signal efficiencies of 20%, 40%, and 60%. The
performance of the simulated CMS and FCC detectors are also compared.

Note from Table 37 that as the mass of the resonance increases (corresponding to increasing jet
pT ) the power to reject light QCD jets decreases, at fixed top quark efficiency. To have the same top quark
efficiency at multiple jet pT s requires changing observable cuts. As the jet pT increases, one becomes
more sensitive to the finite angular resolution of the detector, which will reduce the power to cleanly
identify the three hard prongs of the boosted top quark. Therefore, as pT increases, the observable cuts
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Fig. 114: Average energy fraction contained within and angular scale ∆R of jets produced from 10 TeV
resonance decays to tops, light QCD quarks, W s, and gluons.

must become looser, which in turn means that more background quark or gluon jets will also be included.
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Fig. 115: Average energy fraction contained within and angular scale ∆R of jets produced from 20 TeV
resonance decays to tops, light QCD quarks, W s, and gluons.
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Fig. 116: Average energy fraction contained within and angular scale ∆R of jets produced from 30 TeV
resonance decays to tops, light QCD quarks, W s, and gluons.
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Fig. 117: Average energy fraction contained within and angular scale ∆R of jets produced from 40 TeV
resonance decays to tops, light QCD quarks, W s, and gluons.
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Fig. 118: Signal vs. background efficiency (ROC) curves for top quark identification from QCD back-
ground utilising τ3,2 and D3 with the FCC detector for pT ∈ [15, 20] TeV. (left) top quarks vs. gluon jets,
(right) top quarks vs. light quark jets. The cut on the jet mass of m ∈ [120, 250] GeV is included in the
efficiencies. Events were showered with Pythia v6.4.
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20% Top Efficiency
pT cut [2.5, 5] TeV [5, 7.5] TeV [7.5, 10] TeV [10, 15] TeV [15, 20] TeV

gluons
CMS 2% 3% 4% 5% 6%
FCC 1% 2% 2% 3% 4%

quarks
CMS 1% 2% 3% 5% 7%
FCC 0.5% 1% 1.5% 2% 4%

40% Top Efficiency
pT cut [2.5, 5] TeV [5, 7.5] TeV [7.5, 10] TeV [10, 15] TeV [15, 20] TeV

gluons
CMS 7% 9% 10% 14% 17%
FCC 5% 6% 7% 10% 12%

quarks
CMS 3% 5% 7% 11% 17%
FCC 1.5% 2.5% 4% 5% 8%

60% Top Efficiency
pT cut [2.5, 5] TeV [5, 7.5] TeV [7.5, 10] TeV [10, 15] TeV [15, 20] TeV

gluons
CMS 18% 20% 24% 30% 38%
FCC 13% 15% 20% 24% 25%

quarks
CMS 7% 10% 15% 22% 30%
FCC 4% 6% 8% 11% 15%

Table 37: Table of background rejection rates at fixed signal efficiencies for jet pT s ranging from 2.5 TeV
to 20 TeV at the CMS or FCC detector. For gluon (quark) jet backgrounds, efficiencies are determined
from cuts on τ3,2 (D3) measured on tracks. The cut on the rescaled track-based jet mass of mJ ∈
[120, 250] GeV is included in the efficiencies. These results are from events showered with Pythia v6.4.

125

CHAPTER 1: STANDARD MODEL PROCESSES

125



9.4 Boosted boson tagging
A boson of mass M decaying hadronically produces two quarks with angular separation ∆R ≈ 2M/pT .
At large momenta, the separation becomes smaller than the jet size. Such a boson would be seen in a
detector as a single massive jet.

The identification of jets as hadronically decaying bosons opened new perspectives at the LHC.
The development of an effective tagging algorithm for boosted vector bosons [352,353] allowed to retain
a good sensitivity to resonances decaying to two bosons and heavier than ≈ 1 TeV [354–360].

The reconstruction of heavy jets needs a new detector design. A good reconstruction of the boson
mass requires both excellent energy and angular resolution, since the jet mass depends on both the
momenta of the jet constituents and the angular separation among them. One can then study the jet mass
as a benchmark for calorimeter granularity.

As a reference, we take the case of Randall Sundrum (RS) graviton GRS decaying to two Z bosons
and study the reconstructed mass resolution for different detector geometries. Signal events are generated
with PYTHIA8 [32,122] at a center-of-mass energy

√
s = 100 TeV, for different values of the GRS mass.

The jets reconstructed in these events are compared to ordinary QCD jets, generated in GRS → qq̄ and
GRS → gg decays. These samples have the same kinematic features (e.g., pT and η distributions) as the
corresponding jets from Z bosons, as long as the pT is much larger than the Z mass. Any difference
observed in this study can then be interpreted as related to the nature of the jet (Z vs quarks and gluons).

Events are reconstructed with DELPHES3 [349, 361], using the default detector performances for
the FCC detector, provided with the software distribution.

Three detector scenarios are defined: (i) the baseline detector geometry with calorimeter cells of
size φ × η = 0.5o × 0.01 for ECAL and 2.5o × 0.05 for HCAL. (ii) twice the cell size both for ECAL
and HCAL, keeping the same ECAL/HCAL cell-size ratio. (iii) half the cell size for ECAL and HCAL,
keeping the same ECAL/HCAL size ratio.

Jets are clustered using the FASTJET [212] implementation of the anti-KT algorithm [203] with
jet-size parameterR = 0.25, giving as input to the jet algorithm the list of four-momenta for the particles
reconstructed with the DELPHES implementation of the particle-flow algorithm. The performances of the
tracking detector are fixed to the default parametrization. Any difference observed is then genuinely
related to the change in the calorimeter geometry.

Figure 119 shows the jet mass distribution for different values of the GRS mass, from 14 to 41
TeV. As a comparison, the corresponding distribution obtained clustering generated particles into jets
(gen-jets) is shown, representing the ideal case of a perfect detector resolution. Table 38 summarises the
resolution corresponding to each granularity scenario. The resolution is quantified with the σ parameter
of a Gaussian fit to the distribution for mass values between 40 GeV and 140 GeV, scaled to the mean
value of the Gaussian. Besides the worsening of the resolution with the coarser resolution, one should
notice the increasing bias in the peak position and the larger non-Gaussian tails

GRS mass gen-jets baseline resolution ×1/2 granularity ×2 granularity

14 TeV 5% 16% 16% 28%
23 TeV 6% 22% 22% 29%
32 TeV 5% 24% 25% 33%
41 TeV 4% 28% 26% 36%

Table 38: Relative resolution of the jet mass peak for GRS → ZZ events produced in pp collisions at√
s = 100 TeV. The resolution is quantified as the ratio between the σ and m parameters of a Gaussian

fit, in the jet mass range [40, 140] GeV.
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Fig. 119: Jet mass distribution for GRS produced in pp collisions at
√
s = 100 TeV and decaying to two

Z bosons. The GRS mass is fixed to 14 TeV (top left), 23 TeV (top right), 32 TeV (bottom left), and
41 TeV (bottom right). Different granularities are considered for the calorimeter cells. As a reference,
the mass distribution for generator-level jets is also shown.

In Fig. 120, the mass distribution for the dijet system is shown for the same values of GRS mass.
The events are selected requiring 80 < mJ ×mZ/mode(mJ) < 100 GeV for each jet. The dijet-mass
reconstruction exhibits poor scale and resolution, induced by the small jet-size parameterR. In a realistic
search, this effect could be cured using a wide cone for kinematic reconstruction and a narrow cone for jet
tagging, similarly to what is currently done in some LHC search. In Fig. 120, the mass scale is partially
compensated applying a mZ/mode(mJ) rescale factor.

Besides the jet mass, the identification of boosted bosons usually exploits the so-called jet sub-
structure, i.e. the study of the angular and momentum distribution of the jet constituents in a massive
jet.

In the pT range relevant for LHC searches, variables exploiting the jet substructure typically aim
to identify jets whose constituents can be arranged into two subjets. At the FCC, the larger boost values
accessible in 100 TeV collisions change substantially the experimental signature. The separation between
the two subjets becomes very small for large GRS mass values, as shown in Fig. 121.

Consequently, the boosted boson is better identified as a single narrow jet inside an otherwise
empty jet, similarly to a τ lepton. This is represented in Fig. 122, where the pT flow of typical boosted
bosons and ordinary QCD jets is shown for a small (mGRS

= 5 TeV) and a large (mGRS
= 30 TeV) value

of mGRS
. As a function of the η and φ distance of each constituent from the jet centre, the constituent
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Fig. 120: Mass distribution for GRS produced in pp collisions at
√
s = 100 TeV and decaying to two Z

bosons. The GRS mass is fixed to 14 TeV (top left), 23 TeV (top right), 32 TeV (bottom left), and 41 TeV
(bottom right). Different granularities are considered for the calorimeter cells. As a reference, the mass
distribution for generator-level jets is also shown.
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Fig. 121: ∆R separation between the two quarks originating from the decay of a boosted Z bosons in
GRS → ZZ events, for different values of the GRS mass.
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Substructure as granularity benchmark
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jet-constituent pT fraction, as a function of (Δη, Δφ) distance from the jet center

gluon jet

gluon jet

quark jet

quark jet

Z→qq jet

Z→qq jet

mGRS = 5 TeV mGRS = 5 TeV mGRS = 5 TeV 

mGRS = 30 TeV mGRS = 30 TeV mGRS = 30 TeV 

Fig. 122: Ratio between the pT of jets constituents and jet pT for jets originating from gluon (left), a
quark (centre), and Z → qq̄ (right), shown as a function of the η and φ distance of each constituent
from the jet centre. The top (bottom) plots refer to the highest-pT jet in a typical GRS decay, for a mass
value mGRS

= 5 TeV (mGRS
= 30 TeV). An angular matching to the generated Z boson is applied for

Z → qq̄.

pT is shown, normalized to the jet pT . For small mGRS
two subjets in Z jets are visible inside the

jet. For large mGRS
, the two subjets merge into a single jet, while the rest of the jet is quite empty.

For comparison, the corresponding distributions are shown for typical jets from gluons and quarks. No
substantial change in the jet behavior is observed in this case.

In view of this difference, a change in strategy could improve the effectiveness of jet substructure
as a tagging algorithm. As an example, we consider the five quantities:

Flown,5 =
∑

p

|ppT |
|pjetT |

(67)

where n = 1, .., 5, pjetT and ppT are the jet and constituent transverse momenta, respectively. The sum in
the equation extends over the jet constituents p such that

n− 1

5
R ≤ ∆R(p, jet) <

n

5
R, (68)

where R is the jet size and ∆R(p, jet) =
√

(∆η)2 + (∆φ)2 is the angular distance between a given jet
constituent and the jet axis.

The five Flown,5 quantities are used together with the jet mass as input features to train a boosted
decision tree (BDT), using the TMVA package [362]. The BDT is trained using as a signal sample
GRS → ZZ events with hadronically decaying Z bosons, while the background training sample is pro-
vided by jets from GRS → qq̄ events (q = u, d, c, s, b). The training is repeated for several values of
mGRS

. For comparison, a BDT discriminant is trained with the same procedure, using as input features
the jet mass and the subjettiness ratio τ2/τ1. The subjettiness variables [345] are here used as a reference
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Fig. 123: Distribution of the Jet mass (top left), Flow1,5 (top right), and Flow2,5 (bottom left) for a
signal hadronically decaying Z bosons in GRS → ZZ events and a background of jets in GRS → qq̄
events. The ROC curve for a BDT trained from the five Flown,5 and the jet mass is shown in the bottom-
right plot, compared to the corresponding ROC curve trained from the jet mass and the subjettiness ratio
τ2/τ1. The GRS mass is fixed to 32 TeV.

of the typical strategy followed for V -jet tagging at the LHC. The distribution of the jet mass, Flow1,5,
Flow2,5, and the ROC curves for the two BDTs are shown in Fig. 123.

The left plots in Fig. 124 show the tagging efficiency obtained as a function of the GRS mass
for the two discriminators when the false-positive rate (mistag) is fixed to 10%, training the algorithm
against quark and gluon jets. The right plots in the same figure shows the mistag as a function of the
GRS mass, when the tagging efficiency is fixed to 80%. Similar results are obtained when GRS → gg
events are used as background.

While this study highlights the importance of highly granular calorimeters in with largely boosted
vector-boson tagging, the strategy discussed here is far from being an optimal exploitation of the infor-
mation provided by a granular calorimeter. In this respect, progresses made on image recognition and
deep learning could have a big impact on jet tagging in the future, as discussed in Ref. [363, 364].

9.5 Jet fragmentation at large pT
The ability to tag a jet by measuring its mass or other properties requires excellent resolution of its con-
stituent particles. For optimal energy and angular resolution, finely segmented calorimetry and precise
tracking systems are required. The resolution of both will depend on the density of tracks and their
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Fig. 124: Discrimination power of the V-tagging algorithms against quark (top) and gluon (bottom) jets:
tagging efficiency as a function of the GRS mass corresponding to a mistag rate of 10% (left) and mistag
rate as a function of the GRS mass for a tagging efficiency of 80% (right).

momentum. In a high-density environment, it will be challenging to identify individual tracks, thereby
reducing mass resolution. At extremely high momenta, tracks will not bend substantially in the tracking
magnetic field and their charge and momentum may not be able to be determined. Designing tracking
systems that can resolve both of these issues will be required.

All plots in this section are generated using the same event and jet criteria as discussed in Sec-
tion 9.2. In particular, we require that all particles used in identifying jets have pseudorapidity |η| < 2.5.

In Figs. 125-128, we plot the average (mean) number of tracks with pT > pmin
T in jets with

radius R = 0.5 from the resonance decays studied throughout this section. These plots demonstrate, for
example, that a jet of any flavor from the decay of 10 TeV resonance will have at least one track with
pT & 500 GeV. For jets from the decays of 40 TeV resonances, every jet will have at least one track
with pT greater than about 2 TeV. For precision measurements, it may be necessary to consider rarer
configurations; say, tracks that occur in 10% or even only 1% of jets. In this case, for jets from 10 TeV
resonances, 1% of jets will have a track with pT & 2 TeV, while for jets from 40 TeV resonances, this is
increased to about 10 TeV.

While we have shown plots for jets with radiusR = 0.5, except at low pT , these plots are relatively
insensitive to jet radius. Because these tracks carry such a large fraction of the total jet’s transverse
momentum, they must be located very near the center of the jet.

In addition to having a sufficiently high magnetic field to measure the momentum of high pT
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Fig. 125: Average number of charged tracks with pT > pmin
T in R = 0.5 anti-kT jets produced from 10

TeV resonance decays to tops, light QCD quarks, W s, and gluons.

tracks, the tracking system must also be able to resolve particles in a high density environment. As a
proxy for tracker densities, in Figs. 129-132, we plot the median angle ∆R̃ between two tracks with pT
greater than a minimum value. The way that this median angle is defined is as follows. First, we take
all tracks in a single jet with pT greater than a minimum value and find the median distance between
pairs of those tracks. Note that for a jet with two hard prongs (like a boosted W ), this median value will
typically be either close to 0 or 2m/pT , depending on the precise distribution of tracks in the jet. We take
the median rather than the mean pairwise track distance because the median is insensitive to outliers and
corresponds to the angular scale at which half of the pairs have a larger angle and half a smaller angle.
Then, the median pairwise angle of each jet is averaged over the ensemble.

These jets are produced from decays of resonances ranging from 10 to 40 TeV, and this median
angle exhibits strong jet pT and flavor dependence. The distribution of this median angle for quark and
gluon flavor jets has no structure and the angle between tracks with the same pT is approximately twice
as large for gluons as compared to quarks. Because quark and gluon jets have no intrinsic high energy
scale associate with them, the distributions with different jet pT s are simply scaled by the ratio of their
pT s. In the high mass tail, the mass of the jet is determined by the relative angle of the hardest particles
in the jet.

The median angle between high pT tracks for top quark or W jets is very different. These jets do
have an intrinsic scale, and so this median angle should manifest these scales. For a jet with two-prongs
(like from a hadronically-decaying W ) with mass m and transverse momentum pT , the characteristic
angle between the hard prongs is θ = 2m/pT . Assuming that the prongs are very narrow and otherwise
approximately identical, when averaged over the jet ensemble, the median pairwise angle will be roughly
Rmed ' m/pT . For a jet with more hard prongs, like a top quark jet, the median angle will be closer to
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Fig. 126: Average number of charged tracks with pT > pmin
T in R = 0.5 anti-kT jets produced from 20

TeV resonance decays to tops, light QCD quarks, W s, and gluons.

the characteristic jet angle. The characteristic angular scales in top quark jets and W jets are

Rmed
t ' 2mt

pT
, Rmed

W ' mW

pT
. (69)

Especially at the highest resonance masses, features are present in the top and W distributions near these
angles. Combining the information in Fig. 128 and Fig. 132, for instance, requires resolving angular
scales of ∆R̃ . 10−3 to be able to reconstruct the substructure of boosted W bosons from 40 TeV
resonances.
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Fig. 127: Average number of charged tracks with pT > pmin
T in R = 0.5 anti-kT jets produced from 30

TeV resonance decays to tops, light QCD quarks, W s, and gluons.
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Fig. 128: Average number of charged tracks with pT > pmin
T in R = 0.5 anti-kT jets produced from 40

TeV resonance decays to tops, light QCD quarks, W s, and gluons.

134

CHAPTER 1: STANDARD MODEL PROCESSES

134



 (TeV) 
T

 p
0 0.2 0.4 0.6 0.8 1

   
i j

 R∆ 
~

   

0.01

0.02

0.03

0.04

0.05

 = 10 TeV
Z

top jets, m

, R = 0.5Tanti-k

Herwig++

Pythia8

 (TeV) 
T

 p
0 0.2 0.4 0.6 0.8 1

   
i j

 R∆ 
~

   

0

0.01

0.02

0.03

0.04

0.05

 = 10 TeV
Z

uds jets, m

, R = 0.5Tanti-k

Herwig++

Pythia8

 (TeV) 
T

 p
0 0.2 0.4 0.6 0.8 1

   
i j

 R∆ 
~

   

0.005

0.01

0.015

0.02

0.025

 = 10 TeV
Z

W jets, m

, R = 0.5Tanti-k

Herwig++

Pythia8

 (TeV) 
T

 p
0 0.2 0.4 0.6 0.8 1

   
i j

 R∆ 
~

   

0.01

0.02

0.03

0.04

0.05

 = 10 TeV
G

glu jets, m

, R = 0.5Tanti-k

Herwig++

Pythia8

Fig. 129: Median angular separation ∆R̃ between charged tracks with pT > pmin
T in R = 0.5 anti-kT

jets produced from 10 TeV resonance decays to tops, light QCD quarks, W s, and gluons.
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Fig. 130: Median angular separation ∆R̃ between charged tracks with pT > pmin
T in R = 0.5 anti-kT

jets produced from 20 TeV resonance decays to tops, light QCD quarks, W s, and gluons.
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Fig. 131: Median angular separation ∆R̃ between charged tracks with pT > pmin
T in R = 0.5 anti-kT

jets produced from 30 TeV resonance decays to tops, light QCD quarks, W s, and gluons.
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Fig. 132: Median angular separation ∆R̃ between charged tracks with pT > pmin
T in R = 0.5 anti-kT

jets produced from 40 TeV resonance decays to tops, light QCD quarks, W s, and gluons.
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10 Multijets29

In this section we explore the total rates and distributions for final states with multiple jets and photons.
An overall feature of the results presented here is the huge amount of multi-jet activity that could be
measured within the first few days of running. This opens up many possibilities for searches of exotic
physics beyond the Standard Model such as black holes or instantaneous decaying into jets. A large
number or events containing systems with effective masses of 10 or even 20 TeV would be observed
which will also explore a region where no prior experience of QCD exists.

A variety of different kinematic configurations are considered. These can be broadly classified
into two categories: democratic, in which cuts on the transverse momenta of all jets are treated equally,
and hierarchical, in which harder cuts on the leading jet are applied. The choices are known to affect the
perturbative stability of the observables which we investigate in Section 10.3.

10.1 Computational setup
For the following studies, the SHERPA event generation framework [102, 213] has been used. Proton–
proton collisions at centre-of-mass energies of 100 TeV are considered and, in relevant cases, compared
to collisions at LHC scale energies of 14 TeV to highlight interesting features of energy scaling. Unless
stated otherwise, jets are reconstructed with the anti-k⊥ algorithm with a radius parameter of R = 0.4,
using the FASTJET package [203,212]. The Standard Model input parameters are defined through the Gµ
scheme. Unstable fermions and bosons are treated through the complex mass scheme [233]. All quarks
apart from the top-quark are assumed to be massless. The effects of the top-quark are included in the
running of αS for scales above the its mass. For matrix element generation and cross section calculations,
the COMIX matrix element generator [214] is employed. For the proton PDFs the NNPDF3.0 NLO set [7]
is used, which also provides the strong coupling αS . Renormalisation and factorisation scales are defined
in a process-specific way, and are listed separately in the respective subsections. For most distributions
the multijet merging technology of [224,225,365] 30 is employed, with the parton shower built on Catani-
Seymour subtraction kernels as proposed in [226] and implemented in [227].

Next-to-leading order corrections are generated at fixed order using SHERPA together with the
NJET one-loop matrix element provider [373]. Real radiation is provided via the Catani-Seymour sub-
traction method implemented in SHERPA [223] and the COMIX matrix element generator [214]. Root
Ntuples are generated and analysed using the CT14nlo PDF set [8] which provides the strong coupling
αS(mZ) = 0.118.

10.1.1 Kinematic cuts
Various cuts on the transverse momentum of the jets are considered and specified in the later discus-
sions. For runs with LO+PS/MEPS@LO no additional kinematic requirements were taken for multi-jet
production. For processes involving photons, the additional constraint that each photon should be at a
radius of least ∆R ≥ 0.4 from every jet was imposed.

At NLO a mild rapidity cut on all jets and photons |ηj/γ | < 8 was taken in addition to these
requirements. At NLO care must be taken to ensure photon final states are infrared safe. Accordingly,
we used the standard Frixione smooth cone isolation [290] with parametersR = 0.4, ε = 0.1 and n = 1.

29Editors: S. Badger and F. Krauss
30It is worth noting that other merging techniques exist, like for instance [366–371], which however by far and large have

been shown to yield comparable results at lower energies, see for example [372].
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10.1.2 Scale choices
In this section, we use a dynamic choice in general for the factorisation and renormalisation scales, µF/R,
given by the sum of transverse momenta

1
2ĤT = 1

2

(∑

i

pT,i

)
. (70)

For the fixed-order calculations in Section 10.3, the sum runs over final-state partons. This includes a
single photon, if present. For processes with two photons in the final state, we use

1
2Ĥ
′
T = 1

2


mT,γγ +

∑

i∈partons

pT,i


 , (71)

with mT,γγ the transverse mass of the diphoton system. For the leading-order SHERPA setups considered
in the following Section 10.2 the sum goes over anti-kT jets instead (and photons), and is averaged:

H̄T =
1

Njet +Nγ

∑

i

pT,i . (72)

10.2 Leading order inclusive cross sections and distributions
We performed the calculations in this section with SHERPA at LO, unless stated otherwise. We begin
with the inclusive multi-jet production rates for up to 8 eight final state jets in Table 39. The rates are
calculated with varying a minimal pT cut, ranging from 50 GeV to 1 TeV and two different values of the
anti-kT radius parameter, R = 0.2 and R = 0.4. Within the first days of running nanobarn cross-section
events with 3 or 4 jets of 250 GeV could be observed and final states with up to eight 1 TeV jets will
be observable with the order of a few thousand events with the planned integrated luminosity. We also
show the scaling behaviour of the ratio σ(R = 0.4)/σ(R = 0.2) in Fig. 133b using various minimum
pT cuts. Assuming that jets are not overlapping, i.e. their distance ∆R in η-φ being ∆R > 2R, the total
area a they cover is given by

a = NJπR
2 ≈

{
0.5 ·Njet for R = 0.4,

0.13 ·Njet for R = 0.2.
(73)

For a detector with a coverage over 10 units in pseudo-rapidity, similar to ATLAS or CMS at the LHC,
the total acceptance region is 2π∆η ≈ 63. In both cases of R = 0.4 or R = 0.2 the total coverage is
much greater than the area of the jets and so the scaling behaviour is not driven by phase-space effects
in acceptance but expected to be defined through QCD dynamics. The total inclusive cross sections are
compared to the those at 14 TeV in Fig. 133a where one clearly sees the increasing multiplicity of events
at the higher centre-of-mass energy.

In Table 40 we consider inclusive cross sections based on the corresponding leading order matrix
elements for multijet events with a minimum pT of 50 GeV and different values of minimum leading-
jet transverse momentum. One sees again that extreme kinematic configurations are clearly accessible,
opening up unexplored areas of QCD dynamics. However, one can observe that some of the leading
order rate estimates do not decrease with increasing final state multiplicity. Having a much harder cut on
the leading jet than on the subleading ones induces large scale hierarchies and thus necessitates to con-
sider higher order (logarithmic) corrections, e.g. through a parton shower simulations, cf. Sections 10.3
and 10.4. Turning our attention to the pT spectra, in Fig. 134 we show cumulative distributions for a
democratic cut of 1 TeV on all jets for the first 6 jets ordered in pT . This sample now has been gen-
erated using a MEPS@LO setup with matrix elements for up to two additional jets on top of the dijet
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jn with R = 0.2

n / pT,j 50 GeV 100 GeV 250 GeV 1000 GeV

2 315(1)µb 29.9(1)µb 1045(4) nb 3483(10) pb
3 38.0(3)µb 2.51(2)µb 54.1(3) nb 72.0(4) pb
4 13.5(1)µb 665(7) nb 10.0(1) nb 6.83(7) pb
5 4.98(7)µb 199(2) nb 2.02(2) nb 621(4) fb
6 2.18(2)µb 65.8(7) nb 456(5) pb 57.8(4) fb
7 0.93(2)µb 23.5(3) nb 112(1) pb 7.21(6) fb
8 0.413(9)µb 8.1(2) nb 29.7(4) pb 0.832(8) fb

jn with R = 0.4

n / pT,j 50 GeV 100 GeV 250 GeV 1000 GeV

2 315(1)µb 29.9(1)µb 1045(4) nb 3483(10) pb
3 34.6(3)µb 2.31(1)µb 49.9(3) nb 66.7(3) pb
4 10.5(1)µb 539(5) nb 7.82(8) nb 4.93(4) pb
5 3.40(4)µb 130(1) nb 1.247(9) nb 358(2) fb
6 1.21(1)µb 35.0(3) nb 229(2) pb 28.5(1) fb
7 0.406(6)µb 9.42(9) nb 42.0(4) pb 2.35(2) fb
8 0.154(2)µb 2.66(4) nb 8.12(9) pb 0.195(1) fb

Table 39: Leading order cross sections for the production of anti-kT jets with varying minimal pT ,
ranging from 50 GeV to 1 TeV and two different values of the jet algorithm radius parameter, R = 0.2
and R = 0.4. For the calculation the scales µF,R = H̄T have been used.

jn with pmin
T,j ≥ 50 GeV varying plead

T,j

n / plead
T,j 500 GeV 1000 GeV 2000 GeV 5000 GeV 10000 GeV

2 67.4(2) nb 3.48(1) nb 139(1) pb 1.06(1) pb 11.3(1) fb
3 178(1) nb 11.0(1) nb 485(3) pb 3.91(2) pb 39.3(1) fb
4 214(2) nb 16.9(1) nb 864(8) pb 7.39(7) pb 74.6(6) fb
5 191(1) nb 18.7(1) nb 1093(7) pb 10.6(1) pb 102(1) fb
6 136(2) nb 16.3(2) nb 1133(1) pb 11.9(1) pb 113(1) fb

Table 40: Leading order cross sections for the production of anti-kT jets with minimal pT of 50 GeV
different values of leading-jet transverse momentum. For the calculation the scales µF,R = H̄T have
been used.

core process merged together and dressed with parton showers. Though the energy distribution for the
highest multiplicity jets fall quickly many events where the 6th jet has still more than 400–500 GeV will
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Fig. 134: Cumulative leading order pT distributions for the first six highest pT jets ordered in pT . The
labels for the 4th through 6th jet are omitted, but follow the natural order.

be observed. The leading jets are accessible at energies much greater than 3 TeV, which we will explore
further in the next section.

10.2.1 Jet production in association with one or two photons
Multijet events in association with photons are important backgrounds to new physics searches. Ratios
of Z/γ production can be used to estimate missing transverse energy from decays of the Z boson into
neutrinos. Di-photon signals are particularly important when studying Higgs or potentially higher mass
scalar resonances.

Table 41 shows leading order, i.e. pure tree-level, cross sections for the production of one or two
photons in association with jets with varying minimal pT , ranging from 50 GeV to 1 TeV and fixed
R = 0.4. The transverse momentum of the photon(s) must satisfy pT,γ ≥ 50 GeV, and the photon(s)
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γjn

n / pT,j 50 GeV 100 GeV 250 GeV 1000 GeV

1 75.19(8) nb 9.38(2) nb 479.0(9) pb 3.045(6) pb
2 27.3(1) nb 7.62(3) nb 932(4) pb 14.31(5) pb
3 14.8(2) nb 2.37(3) nb 129(1) pb 573.(4) fb
4 6.95(6) nb 757(6) pb 26.5(2) pb 52.1(5) fb
5 3.20(3) nb 253(2) pb 5.61(4) pb 4.51(3) fb
6 1.43(2) nb 82.7(8) pb 1.20(2) pb 0.404(3) fb
7 0.603(7) nb 27.1(4) pb 0.262(3) pb < 1 fb

γγjn

n / pT,j 50 GeV 100 GeV 250 GeV 1000 GeV

0 47.7(1) pb 47.7(1) pb 47.7(1) pb 47.7(1) pb
1 29.74(7) pb 13.56(3) pb 2.007(5) pb 35.1(1) fb
2 30.9(2) pb 12.02(7) pb 2.43(1) pb 84.3(4) fb
3 21.0(8) pb 5.35(4) pb 532(4) fb 5.04(4) fb
4 12.9(1) pb 2.25(1) pb 131.2(8) fb 519(2) ab
5 7.02(6) pb 847(8) fb 30.6(3) fb 49.2(3) ab

Table 41: Leading order cross sections for the production of anti-kT jets in association with one or two
photons. Democratic cuts on all jet pT are taken at 50, 100, 250 and 1000 GeV. The photon transverse
momenta must be larger than pT,γ > 50 GeV and separated from all jets by at least ∆R ≥ 0.4.

must be separated from jets or other photons by at least ∆R ≥ 0.4. Even though the additional powers
of α lower the production rates considerably diphoton production with up to 2 or 3 TeV jets could be
observed with the full integrated luminosity.

To summarise the leading order results in this section we collect a number of multi-jet QCD
processes in Fig. 135. For four different values of the minimum pT we show pure jet productions with up
to 8 jets and single photon with up to 7 jets. As a comparison we also show top pair production with up
to 6 jets, two quark pairs with up to 4 jets and three top pairs with up to two jets. The fact that the latter
processes are accessible with relatively high-pT jets impressively demonstrates the degree to which QCD
can be studied in the 100 TeV environment, opening up huge amounts of phase-space for new physics
searches.

10.3 NLO cross sections and K-factors
10.3.1 Multijet production
To study the impact of NLO correction representative NLO/LO K-factors are presented with democratic
cuts on all jets and hierarchical cuts on the leading jet. In Table 42 we show the LO and NLO cross-
sections for up to four jets with democratic cuts on all jet transverse momenta of 50 or 500 GeV. Since the
back-to-back configuration for di-jets cause the NLO phase-space to become singular the cross-section is

141

CHAPTER 1: STANDARD MODEL PROCESSES

141



10�2

100

102

104

106

108

1010

0.4

Jets
0.2

�
tt̄

(tt̄)2

(tt̄)3

pT,min = 50GeV

10�2

100

102

104

106

108

1010

0.4

Jets

0.2�tt̄

(tt̄)2

(tt̄)3

pT,min = 100GeV

0 1 2 3 4 5 6 7 8
10�6

10�4

10�2

100

102

104

106

0.4

Jets

0.2�

tt̄

(tt̄)2

(tt̄)3

pT,min = 250GeV

0 1 2 3 4 5 6 7 8
10�6

10�4

10�2

100

102

104

106

0.4

Jets

0.2

�

tt̄

(tt̄)2

(tt̄)3

pT,min = 1000GeV

NJets

�
[p
b

]
LO QCD Cross Sections at 100TeV for different pT,min

Fig. 135: Inclusive cross section comparison between various QCD processes for different pT,min.

jn

pmin
T > 50 GeV pmin

T > 500 GeV

n LO NLO K LO NLO K
2 289.0+8.7

−13.6 µb – – 66.0+12.2
−9.8 nb – –

3 28.5+7.1
−5.4 µb 15.1+3.1

−6.8 µb 0.5+0.26
−0.30 1.7+0.6

−0.4 nb 1.4+0.0
−0.3 nb 0.8+0.27

−0.31

4 6.9+2.9
−1.9 µb 2.2+1.3

−3.4 µb 0.3+0.40
−0.45 153.2+68.3

−44.6 pb 132.8+0.0
−27.9 pb 0.9+0.34

−0.39

Table 42: Inclusive cross-sections for multijet production at NLO and LO using democratic cuts of 50 and
500 GeV. Renormalisation and factorisation scales are chosen equal with a central values µR = µF =
ĤT /2 with theoretical uncertainty estimated through variations over the range [1/2, 2]. Cross-sections
for massless 2 → 2 scattering are not well defined at NLO so the results are omitted (see footnote on
page 142).

not well defined and the numbers are not quoted31. In Fig. 136 we show distributions for the 1st and 2nd
jets ordered in pT . Variations in the unphysical factorisation and renormalisation scale choices at NLO
leads to the expected reduction in theoretical uncertainty - in this case around 10% at NLO. The low

31This pathological behaviour of massless 2 → 2 scattering processes is well known (see for example Eqs. (2.8) and (2.9)
of Ref. [374]). In this case the unresolved contribution generates an additional singularity which is not cancelled by the virtual
corrections in special back-to-back configurations. For reference, we quote the values missing from Table 42:

σNLO
pp→≥2j(p

min
T > 50 GeV) = −111.0+62.5

−66.0 µb

σNLO
pp→≥2j(p

min
T > 500 GeV) = 10.4+11.3

−18.4 nb
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K-factors for three and four jet production with a pT cut at 50 GeV suggest this cut is too soft for fixed
order perturbation theory to work. With a the higher pT cut of 500 GeV the K-factors are much more
reasonable and the slight decrease is in agreement with previous computations at 7 and 8 TeV [375,376].
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Fig. 136: 1st and 2nd leading jet pT for pp→≥ 2j at 100 TeV. LO and NLO scale variations in the range
[1/2, 2] are shown around the central scale of µR = µF = ĤT /2. The top row shows a linear scale from
50 GeV to 10 TeV while the bottom row shows the same plot using a log scale over the range 250 GeV to
10 TeV in order to avoid the singularity which affects the first bin. All plots use events generated using
a minimum pT cut of 50 GeV.

In Fig. 137 we show distributions for the pT ordered jets from 500 GeV to 10 TeV in pp → 3j
events while in Fig. 138 we show distributions for 4th leading jet from 500 GeV to 10 TeV in pp → 4j
events.

Figure 139 shows two plots of multi-jet cross ratios as a function of the leading jet pT . Though
scaling behaviour of multijet cross-sections will be covered in more detail in the Section 10.4, these
observables at low multiplicity are highly sensitive to αs over a large range of energies and thus are
interesting to look at differentially. The perturbative corrections to the R3j/2j ratio are known to be more
stable for the average of the leading and sub-leading jet 1

2(pT,j1 + pT,j2) [205].

In Table 43 we look at representative NLO K-factors with additional cuts on the highest pT jet,
Even in this hierarchical configuration there appears to be problems with the scale choice at NLO. We
examine this further in Fig. 140 looking the scale variation over a larger range of values than the tradi-
tional factor of 2 from the central value. This is done at 14 TeV for minimum pmin

T = 30, 60, 100 GeV
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Fig. 137: pT and rapidity distributions for the 1st, 2nd and 3rd leading jet ordered in pT for pp →≥ 3j
at 100 TeV with a minimum pT cut of 500 GeV. LO and NLO scale variations in the range [1/2, 2] are
shown around the central scale of µR = µF = ĤT /2.

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

d
σ
/
d
p
T
,j

4
(p

b
/

G
eV
−

1
)

NJet + Sherpa
pp→≥ 4j @ 100 TeV

LO (pT > 500 GeV)

NLO (pT > 500 GeV)

1 2 3 4 5 6

pT,j4 (GeV) ×103

0.6

0.8

1.0

1.2

1.4

1.6

10−4

10−3

10−2

10−1

100

101

d
σ
/
d
|η
j
4
|(

p
b

)

NJet + Sherpa
pp→≥ 4j @ 100 TeV

LO (pT > 500 GeV)

NLO (pT > 500 GeV)

0 1 2 3 4 5

|ηj4 |
0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

Fig. 138: pT and rapidity distributions for the 4th jet ordered in pT for pp →≥ 4j at 100 TeV. LO and
NLO scale variations in the range [1/2, 2] are shown around the central scale of µR = µF = ĤT /2.
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Fig. 139: The R3j/2j and R4j/3j ratios as a function of average transverse momentum of the two leading
jets at 100 TeV. 〈pT,12〉 = 1

2 (pT,j1 + pT,j2)

jn

pT,j1 > 100 GeV pmin
T > 50 GeV pT,j1 > 1000 GeV pmin

T > 500 GeV

n LO NLO K LO NLO K
2 28.8+2.7

−2.6 µb 54.1+5.9
−4.7 µb 1.9+0.03

−0.00 3.4+0.7
−0.6 nb 5.5+0.6

−0.5 nb 1.6+0.13
−0.14

3 20.7+5.3
−4.0 µb 7.5+3.2

−6.4 µb 0.4+0.28
−0.32 1.1+0.4

−0.3 nb 0.8+0.1
−0.2 nb 0.7+0.28

−0.32

4 5.6+2.4
−1.6 µb 1.7+1.1

−2.8 µb 0.3+0.39
−0.45 106.8+47.6

−31.1 pb 92.2+0.0
−20.0 pb 0.9+0.34

−0.40

Table 43: Inclusive cross-sections for multijet production at NLO and LO using democratic cuts of 50
and 500 GeV together with an additional restriction on the leading jet of 100 GeV or 1 TeV.

and at 100 TeV for pmin
T = 50, 100, 250 GeV. At NLO the cross section will have a maximum value with

the choice of scale. For extremely low scales the cancellations between real and virtual contributions
become unstable which is clearly seen at both 14 TeV and 100 TeV. For the cases of pT > 30 GeV at 14
TeV and pT > 50 GeV at 100 TeV this caused the cross section to become negative. The stable region
of the cross-section occur near to the peak value, where it also happens that the LO cross section agrees
with the NLO. The K-factors approach 1 for much higher values of the scale factor for low pT cuts and
the situation is exacerbated at 100 TeV.

We stress that having a K-factor of 1 is not the aim of this analysis but that even at NLO scale
variations can be large. For the lower pT cuts in multi-jets at 100 TeV it appears a central scale choice of
ĤT rather than ĤT /2 would give more realistic predictions.

Table 44 shows the dependence on the K-factor with respect to the anti-kT jet radius for pp→ 3j
using a minimum pT > 250 GeV. Overall the dependence on the jet radius is relatively mild. As expected
even with a relatively high pT cut perturbative stability is compromised for R . 0.3.

10.3.2 Photon and diphoton production in association with jets
Representative NLO K-factors for photon plus jets final states are presented in Table 45 for two sets
of minimum pmin

T , 50 and 500 GeV, applied to all photons and jets, respectively. The appearance of
additional production channels from LO at NLO gives rise to large K-factors in the low multiplicity
cases. For the high energy cuts perturbative stability seems to be improved in all cases. We note that
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Fig. 140: Total cross sections for pp →≥ 3j as a function of the scale choice for 3 different sets of
minimum pT at both 100 and 14 TeV. In the upper plot solid lines show NLO predictions while dashed
lines show LO predictions. The lower plots show the NLO/LO K-factors.

j3 pT > 250 GeV

R LO NLO K
0.2 45.6+14.1

−10.2 nb 22.4+5.2
−12.9 nb 0.5+0.29

−0.33

0.3 43.4+13.5
−9.7 nb 27.6+3.2

−9.7 nb 0.6+0.28
−0.32

0.4 41.8+13.0
−9.4 nb 30.8+1.9

−7.5 nb 0.7+0.27
−0.31

0.5 40.5+12.6
−9.1 nb 33.5+0.8

−5.8 nb 0.8+0.26
−0.31

0.6 39.3+12.3
−8.8 nb 35.6+0.0

−4.3 nb 0.9+0.26
−0.30

0.7 38.2+11.9
−8.6 nb 36.8+0.0

−3.2 nb 1.0+0.25
−0.29

Table 44: Inclusive three jet cross-section as a function of jet radius at NLO and LO using democratic cuts
on all jets of 250 GeV. Renormalisation and factorisation scales are chosen equal with a central values
µR = µF = ĤT /2 with theoretical uncertainty estimated through variations over the range [1/2, 2].

similar effects are seen in W and Z plus jet studies in Section 5.

Using the same set of cuts for di-photon production with up to two additional jets shows a similar
pattern. In this case the K-factors are very high as the number of additional channels is more extreme
than for the single photon case. Again the low pT cut of 50 GeV appears to be disfavoured.

10.4 Scaling behaviour in multi-jet production
When considering hadron collisions at highest energies QCD jet production processes are omnipresent.
Even processes with very large multiplicity of (associated) jets exhibit sizable rates. Accurate predictions
for such final states pose a severe challenge for Monte-Carlo event generators and one might have to
resort to approximate methods. One such approach is based on the scaling behaviour of QCD jet rates
with respect to jet multiplicity that this section shall be focused on.
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γ + jn

pmin
T > 50 GeV pmin

T > 500 GeV

n LO NLO K LO NLO K
1 71.6+6.5

−8.2 nb 115.5+5.0
−3.1 nb 1.6+0.29

−0.17 39.4+2.3
−2.2 pb 46.9+1.4

−1.2 pb 1.2+0.04
−0.03

2 24.6+2.4
−2.2 nb 32.7+1.7

−1.5 nb 1.3+0.07
−0.06 3.9+0.8

−0.6 pb 4.8+0.2
−0.3 pb 1.2+0.15

−0.16

3 11.2+2.9
−2.2 nb 10.1+0.0

−0.9 nb 0.9+0.22
−0.25 654.1+206.0

−147.9 fb 671.1+0.0
−32.1 fb 1.0+0.24

−0.28

Table 45: Inclusive cross-sections photon plus multijet production as a function of jet multiplicity at
NLO and LO using democratic cuts on all jets of 50 and 500 GeV. Renormalisation and factorisation
scales are chosen equal with a central values µR = µF = ĤT /2 where the photon pT is included. The
theoretical uncertainty estimated through variations over the range [1/2, 2].

γγ + jn

pmin
T > 50 GeV pmin

T > 500 GeV

n LO NLO K LO NLO K
0 45.7+8.6

−8.5 pb 100.1+3.8
−5.2 pb 2.2+0.36

−0.28 49.0+1.4
−1.7 fb 68.7+1.4

−1.1 fb 1.4+0.08
−0.06

1 27.3+0.3
−0.6 pb 61.7+3.7

−3.1 pb 2.3+0.19
−0.13 7.3+0.7

−0.6 fb 12.5+1.0
−0.9 fb 1.7+0.04

−0.04

2 24.4+3.1
−2.7 pb 31.6+1.3

−1.4 pb 1.3+0.10
−0.10 2.5+0.5

−0.4 fb 3.2+0.1
−0.2 fb 1.3+0.15

−0.17

Table 46: Inclusive cross-sections diphoton plus multijet production as a function of jet radius at NLO
and LO using democratic cuts on all jets of 50 and 500 GeV. Renormalisation and factorisation scales
are chosen equal with a central values µR = µF = Ĥ ′T /2 with theoretical uncertainty estimated through
variations over the range [1/2, 2].

In Fig. 141 anti-kT jet rates at NLO QCD differential in jet transverse momentum and additionally
binned in jet rapidity y are presented. Results have been obtained with BLACKHAT+SHERPA [215],
renormalisation and factorisation scale have been set to µR = µF = 1

2HT . Comparing rates for 14
and 100 TeV centre-of-mass energy an increase of about one order of magnitude for central jets with
low and moderate pT is observed. Considering larger pT values the differences get more extreme, at
pT = 3.5 TeV the FCC rates are more than three orders of magnitude larger than at the LHC. In fact, the
FCC provides substantial jet rates even for very large rapidities: 200 GeV jets with 5 < |y| < 6 come
with rates about two orders of magnitude larger than those for 200 GeV jets in the 4 < |y| < 5 bin at the
LHC. From these rate estimates it can be concluded that one can expect at least ten times more jets at the
FCC compared to the LHC, and this factor gets larger when looking into high pT and/or high |y| regions
or demanding large jet multiplicities. Accordingly, the rapidity coverage of general-purpose detectors at
the FCC should increase with respect to ATLAS or CMS.

The QCD jet production rates to be anticipated at the FCC demand suitable theoretical methods
even for very large jet multiplicities. While a fixed-order prediction for a given jet process is suitable to
describe the corresponding jet multiplicity bin, matrix-element parton-shower merging techniques pro-
vide inclusive predictions, differential in the jet multiplicity, with high jet multiplicities being modelled
through the parton shower. Alternatively, there has recently been progress in making (semi-)analytical
predictions for jet rates at hadron colliders that account for small jet radii and high jet counts [377–379].

With the advent of such methods, the morphology of the entirety of the jet-multiplicity distribution
can be studied. Guided by phenomenological evidence, supported by both fixed-order calculations and
parton-shower simulations, certain jet-multiplicity scaling patterns can be identified [380] that find their
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Fig. 141: NLO QCD inclusive jet cross sections for LHC (left) and FCC (right) collision energies,
differential in pT for different bins in jet rapidity y. Note that for illustrative purpose results have been
multiplied by variable scaling factors (SF), as indicated in the legend.

analogue in the analytical jet-rate predictions [377, 378].

As already visible in Fig. 133a, jet rates differential in the number of jets exhibit a high degree of
regularity. To study this feature one considers the ratio R(n+1)/n of the exclusive n + 1 over the n-jet
cross section, i.e.

R(n+1)/n ≡
σexcl
n+1

σexcl
n

. (74)

The approximately equal step size (on a logarithmic scale) between the subsequent exclusive jet rates
observed in Fig. 133a translates into a flat plateau for R(n+1)/n, i.e. R(n+1)/n ∼ constant, translating
into a simple exponential form of the jet-rate distribution. This shape of the jet rates is called a Staircase
Pattern. Another regularity in jet rates found is named Poisson Pattern. Jet cross sections following a
simple Poisson statistics result in R(n+1)/n ∼ n̄/(n+ 1), with the average number of jets given by n̄.

Both these patterns have been observed in LHC data [381–384] and in Monte-Carlo stud-
ies [385–387]. They can be understood as the limiting cases for the jet-emission probability: for
αS/π log2Q/Q0 � 1 a Staircase Pattern is expected while for αS/π log2Q/Q0 � 1 a Poisson Scaling
is observed [377, 380, 388]. Here Q denotes the hard process scale and Q0 is of the order of the jet
resolution scale, i.e. Q0 ∼ pT,min. The derivation is based on the language of generating functionals for
the jet rates. The two distinct regimes correspond to additional parton emissions being distributed either
equally among all other partons or stemming predominantly from a single hard parton line. The latter
follows a simple Sudakov decay-like model which results in a Poisson distribution, as it is the case for
photon emissions from a hard electron line [389]. The case of democratic emissions (mainly gluons from
gluons) on the other hand is exclusive to field theories with a non-abelian group structure as QCD.

In realistic measurements jet patterns will be overlaid and cut off by other effects, such as phase-
space constraints. When the available energy for further jet emission is being depleted or jets already
radiated cover a good fraction of the available solid angle [388], then higher multiplicities will quickly
tend to zero. On the other hand, the first few emissions carry away sizable parts of the total energy
available, such that the increase in the partonic momentum fractions at which any participating PDFs
are evaluated is comparably large. This leads to somewhat steeper decrease of jet rates for the first few
emissions and is known as the PDF suppression effect [380].

In view of the enormous phase space available for producing additional jets at the FCC collider,
studies of the jet multiplicity distribution based on scaling patterns provide a handle to estimate and
probe the tails of the distribution, where otherwise one has to largely rely on parton-shower simulations
alone. Based on these predictions background subtractions for New Physics signatures resulting from
decays of new heavy coloured particles yielding a distinct imprint on the multiplicity distribution might
become feasible [385, 390].
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Of course jet patterns will be overlaid and cut off by other effects, such as phase space effects: if
the available energy is being depleted or the existing jets already cover the available solid angle [388],
then higher multiplicities will quickly tend to zero.

To study in how far simple jet scaling patterns describe the jet multiplicity distributions at FCC
energies fits of R(n+1)/n in Monte-Carlo predictions are considered. For that purpose SHERPA Monte-
Carlo samples for pure jet production are explored, triggering scaling patterns using either democratic
or hierarchical, i.e. staggered, jet cuts. As mentioned before, here democratic reflects the fact that all jet
pT,min are of the same order, i.e. uniform, whereas hierarchical refers to the scenario where the cut on
the leading jet, pleading

T,min , is significantly increased.

label p
leading
T,min [GeV] pT,min [GeV] fit function fit region fit parameters

S1 (democratic) 100 50 fStaircase 3 ≤ n ≤ 5 c = 0.342, m = 0.006

S2 (democratic) 200 100 fStaircase 3 ≤ n ≤ 5 c = 0.274, m = 0.003

P1 (hierarchical) 500 50 fPoisson 1 ≤ n ≤ 5 n̄ = 2.21, c = 0.16

P2 (hierarchical) 2000 50 fPoisson 1 ≤ n ≤ 5 n̄ = 2.64, c = 0.25

Table 47: The jet-cut scenarios considered for pure jet production at FCC energies. Furthermore, the fit
hypothesis used, cf. Eqs. (75) and (76), and the corresponding parameters are listed.

The cut scenarios considered for pure jet production are listed in Table 47. In all case the 2 → 2
core process has been considered at MC@NLO accuracy, furthermore LO matrix elements for final-state
multiplicities up to six partons are included, all consistently merged with the parton shower. In Fig. 142
the resulting R(n+1)/n distributions are presented for the four considered selections. Note, the index n
counts the number of jets radiated off the hard two-to-two core, i.e. n = 1 corresponds to the production
of three final-state jets.

As discussed in [386], jets assigned to the core process behave differently from jets emitted thereof,
which is why they have to be dismissed from pattern fits through the data. Furthermore, PDF effects
leave a non-universal imprint on the first few bins. Therefore, for the Staircase-like patterns found for
the democratic cut scenarios, cf. the two upper panels of Fig. 142, the fits are based on the values from
R4/3 through R6/5. For the hierarchical cut scenarios PDF suppression effect are less prominent, due
to hard cut on the leading jet that induces a much higher scale Q for the core process. Accordingly, the
fits for the Poisson-like patterns, cf. the two lower panels in Fig. 142, are based on R2/1 up to R6/5.
To quantify the quality of the fits, term linear in n for the Staircase pattern and a constant term for the
Poisson pattern have been added to the ideal scaling hypotheses. The resulting fit functions for the two
scenarios read

fStaircase(n) = c+mn , (75)

fPoisson(n) =
n̄

n+ 1
+ c . (76)

All resulting fit parameters are listed in Table 47. For all cut scenarios the fit function and its extrapolation
to higher jet bins describe the simulated data very well. For the two democratic scenarios, the constant c
decreases from 0.35 to 0.29 when we increase the jet cuts, reflecting the fact that the costs for adding an
additional jet gets higher.

Poisson patterns are obtained when hierarchical cuts are applied. Although the constant offset c
increases from 0.16 to 0.25 when enlarging the gap between the leading jet cut and the overall jet cut
pT,min one can see by eye that the fit quality is better for the larger cut gap, i.e. 2000 GeV vs. 50 GeV. For
the smaller cut gap, i.e. 500 GeV vs. 50 GeV the fit increasingly underestimatesR(n+1)/n for growing n,
which might indicate a faster transition to a more Staircase-like behaviour. As expected the average jet
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Fig. 142: The exclusive jet multiplicity ratio R(n+1)/n in pure jet production at the FCC. Results are
presented for the four cut scenarios described in Table 47 with fits for the Staircase and Poisson patterns,
cf. Eqs. (75), (76).

multiplicity n̄ found from the fit increases with a larger leading jet cut (from 2.2 to 2.6). In particular the
S2 and P2 cut scenarios are very well modelled by the simple scaling pattern hypotheses and allow for
reliable extrapolations where explicit calculations based on fixed order or even parton shower simulations
become computationally infeasible.

Both patterns can also be observed in W production in association with additional jets, as have
been discussed Section 5.3.

To further illustrate the universality of jet scaling patterns, Fig. 143 compiles the exclusive jet
multiplicity ratios for a variety of processes, including pure jets, γ+jets, tt̄+jets and W/Z+jets. The
predictions are based on dedicated n−jet tree-level matrix element calculations, without invoking parton
showers. Democratic jet selection cuts are applied, i.e. requiring pT,j > 50 GeV in all processes. In
addition, the photon production processes are regulated by the selection criteria pT,γ > 50 GeV and
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Rj,γ > 0.4, with Rj,γ the η − φ distance between all jets and the photon.

There are a few remarkable aspects to note here. Apparently, for the pure jets and W+jets pro-
cesses these LO rate estimates nicely reproduce the staircase scaling parameters found in the matrix-
element plus parton-shower samples for the analogous jet-selection cuts, cf. Fig. 142 (upper left panel).
This is supported by the fact that for exact Staircase scaling the cross section ratios for subsequent jet
multiplicities are identical for exclusive and inclusive cross sections [380], i.e. in this limit

σexcl
n+1

σexcl
n

=
σincl
n+1

σincl
n

= R = const. (77)

Also note that the ratios of the three vector-boson production processes, W/Z/γ+jets, are basically
the same, illustrating the fact that the actual gauge-boson mass does not yield a big imprint on the jet-
production probabilities. The production of a pair of top-quarks, however, induces a large upper scale for
subsequent jet emission. Correspondingly, the jet rates for the first few emissions are sizable, resulting
in ratios R(n+1)/n > 0.5, indicating that a pure leading-order approximation is inappropriate.
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s = 100 TeV
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jj

γj
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Z

Fig. 143: The jet multiplicity ratio R(n+1)/n for several processes calculated at LO for each final-state
multiplicity. Note, the index n counts jets associated to the core process listed in the legend.

In conclusion to this section, it can be noted that it is possible to fit jet multiplicities n up to values
of n = 15 or even higher using results for much lower n. The underlying fits are based on the theo-
retical hypothesis of simple scaling pattern, namely Staircase and Poisson scaling. These extrapolations
allow trustworthy predictions to be made for very high jet-multiplicity bins that will be populated by a
variety of production processes at FCC energies. The methods discussed enable the use of techniques
that discriminate New Physics signals and QCD backgrounds based on the shape of the jet multiplicity
distribution.
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11 Heavy flavour production32

Heavy quarks will be copiously produced at a 100 TeV collider. Charm and bottom quarks, in particular,
have a probability of several percent to be produced in a pp collisions at 100 TeV. Considering the large
number of concurrent pp interactions in individual bunch crossings, each bunch crossing will give rise to
possibly several charm or bottom quark pairs. The value of the total production rates is however poorly
known due to both perturbative (missing higher orders) and parametric uncertainties. Perturbative un-
certainties (which, especially for the total cross sections of charm and bottom, can be quite significant)
are usually estimated by varying the factorisation and renormalisation scales in the calculation. These
uncertainties may be somewhat reduced by expressing the calculation in terms of the heavy quark MS
mass instead of the pole one [391], but they remain quite large in absolute terms, as shown for example
in the case of the total σ(bb̄) in Fig. 144. The results here were obtained with the ABM11 PDFs [392].
The scale uncertainties corresponding to the vertical bars in Fig. 144, for the LO, NLO and NNLO cal-
culations, are σ(bb̄)LO = 1.20 + 0.56

− 0.33 mb, σ(bb̄)NLO = 2.45 + 0.85
− 0.56 mb, and σ(bb̄)NNLO = 3.09 + 0.42

− 0.48 mb.

σpp → bb  [µb]           – mb(mb) = 4.18 GeV

√s  = 100 TeV  ––

µF [GeV]

↓
µR = µF/2
µR = µF
µR = 2µF

0

1000

2000

3000

4000

5000

6000

10 10
2

Fig. 144: Sensitivity of the total cross section for pp → bb̄ to the factorization scale µF at LO (green,
dotted), NLO (blue, dashed), NNLO (red, solid) QCD accuracy, with mb(mb) = 4.18 GeV in the MS
mass scheme. The central line at each order denotes the choice µR = µF , the upper and the lower line
the choices µR = µF /2 and µR = 2µF (as indicated explicitly for the NNLO results). The vertical bars
give the size of the independent variation of µR and µF in the standard range µ0/2 ≤ µR, µF ≤ 2µ0,
respectively, for µ0 = mb(mb) and with the restriction that 1/2 ≤ µR/µF ≤ 2. The arrow indicates the
scale µR = µF = 2µ0.

Parametric uncertainties are related to the value of the heavy quark mass (for charm and bottom)
and of the parton distribution functions in the very small-x region that will be probed at 100 TeV. Part
of these uncertainties, including the scale uncertainties, can be reduced when considering ratios of cross
sections at different energies, or shapes of yQ distributions, due to intrinsic correlations. This was ex-
ploited for example in analyzing LHC data at various beam energies, in Refs. [24, 25, 28].

On the other hand, and as will be shown in the next sub-section, the range of x values relevant
to inclusive production of charm and bottom quarks at 100 TeV will extend well below the 10−5 level.
In this region, one can question the reliability of the fixed-order perturbative calculations, in view of
the presence of large small-x logarithms that may need to be resummed [80, 393, 394]. On the PDF

32Editor: M.Cacciari
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side, it is also necessary to rely on assumptions for the PDF functional behaviour at small x (in presence
of potential saturation effects) and on the very reliability of the standard factorization framework (see
Section 2 for a more detailed discussion).

To highlight the possible problems, we show in Table 48 the predictions for charm and bottom total
cross sections obtained with several sets of PDFs. In the case of the bottom, the spread of central values is
not larger than that due to the scale uncertainties, although the estimates of PDF uncertainties vary wildly
among the different PDF sets. In the case of the charm, the situation is more dramatic, particularly if one
considers the potentially most accurate estimates, namely those using NNLO matrix elements and NNLO
PDFs. In this case, the results can be negative, or have a positive/negative uncertainty spread that largely
exceeds the central values, leading to unphysical results, which are either negative, or which exceed the
total pp cross sections. We notice that, in most of the pathological cases, the problems are enhanced by
the use of NNLO PDFs, while using NLO PDFs with either the NLO or NNLO matrix elements gives
typically sensible results (although with some residual exceptions). The only PDF sets that give rather
stable results, regardless of the NLO or NNLO scenario, are the ABM sets and the JR14 set. The very
small systematics obtained with these sets (less than 2% for JR and less than 10% with ABM), however,
are likely to be over optimistic, considering the lack of data in these regions of x and Q2 and considering
the potential uncertainties mentioned above (gluon saturation effects, resummation, etc).

PDF sets σ(cc̄)NLO [mb] σ(cc̄)NNLO [mb] σ(bb̄)NLO [mb] σ(bb̄)NNLO [mb]

ABM11 [392] 29.5± 2.7 36.6± 2.6 3.57± 0.13 3.06± 0.11

(54.9± 3.8) (4.52± 0.18)

ABM12 [10] 33 17.3± 2.0 33.2± 2.6 2.36± 0.10 2.97± 0.12

CJ15 [12] 34 18.4 + 5.3
− 2.5 − 2.67 + 0.55

− 0.26 −
(40.3 + 10.3

− 4.6 ) (3.42 + 0.69
− 0.31)

CT14 [8] 35 24.7 + 1315.5
− 3.1 31.8 + 624.3

− 3.0 3.06 + 5.35
− 0.25 3.12 + 3.39

− 0.21

(47.9 + 1981.2
− 5.2 ) (3.91 + 6.91

− 0.30)

HERAPDF2.0 [11] 36 19.0 + 3.8
− 4.4 3.2 + 10.1

− 18.2 3.14 + 0.10
− 0.13 2.70 + 0.21

− 0.22

(41.5 + 5.2
− 5.9) (4.01 + 0.13

− 0.16)

JR14 (dyn) [13] 33.6± 0.5 32.7± 0.5 3.17± 0.04 3.08± 0.04

(58.1± 1.0) (3.98± 0.06)

MMHT14 [9] 37 140.0 + 187.0
− 104.2 − 4.11 + 1.39

− 0.90 2.37 + 0.98
− 0.90

(213.9 + 271.9
− 149.4) (5.28 + 1.77

− 1.14)

NNPDF3.0 [7] 40.5± 62.2 190.3± 547.7 2.99± 0.99 4.46± 4.87

(67.9± 84.3) (3.82± 1.23)

Table 48: The inclusive cross sections for charm- and bottom-quark pair production at NNLO in QCD at
√
s =

100 TeV for MS masses mc(mc) = 1.275 GeV and mb(mb) = 4.18 GeV at the nominal scales µr = µf =
2mq(mq) for q = c, b with the PDF (and, if available, also αs) uncertainties. The numbers in parenthesis for the
cross sections σ(qq̄)NNLO have been obtained with NLO PDF sets.

The bottom line is that, while currently the extrapolation of charm cross sections to 100 TeV is
not robust theoretically, charm production provides a rich terrain to improve our knowledge of PDFs and
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small-x dynamics.

The uncertainties are reduced if one considers central production or large pT , which strongly
bound the relevant x range. Table 49 shows the rates for central production, |y| < 2.5, and various
transverse momentum cuts for charm, bottom and top quarks. The ratios with respect to the production
at the LHC (13 TeV) are also given. As expected, large pT production in particular gets a large boost
from 13 to 100 TeV, being larger by a factor of 30-40 or so than at the LHC for a pT cut of 100 GeV.
If the pT cut is pushed to 1 TeV, central heavy quark production at the 100 TeV is about a factor of one
thousand larger than at the LHC. Top production is special in that, as expected, going from the LHC to
100 TeV the rate increases considerably also at moderate transverse momentum (pT ∼ 0), by a factor of
40 or so, whereas charm and bottom production only increase by a factor of 3-5.

pT > 0 pT > 5 GeV pT > 100 GeV pT > 1000 GeV

Charm
σ(|y| < 2.5) [µb] 7.8× 103 1.7× 103 0.52 0.62× 10−4

100 TeV/13 TeV 3.1 4.6 27 890

Bottom
σ(|y| < 2.5) [µb] 1.0× 103 0.56× 103 0.46 0.63× 10−4

100 TeV/13 TeV 4.2 5 27 1020

Top
σ(|y| < 2.5) [nb] 24.8 24.8 15.6 2.6× 10−2

100 TeV/13 TeV 37 37 42 920

Table 49: Central (|y| < 2.5) heavy quark production at FCC 100 TeV, calculated to next-to-leading
order [395] with the NNPDF30 [7] PDF set. Masses have been set to 1.5 GeV for charm, 4.75 GeV for
bottom and 173 GeV for top.

In the rest of this Section we will consider in more detail production rates and kinematical distri-
butions for bottom and top quark in proton-proton collisions at a centre of mass energy of 100 TeV.

11.1 Inclusive bottom production
Inclusive production of b hadrons in hadronic collisions offers unlimited opportunities for flavour studies
in the b sector, as shown very well by the Tevatron and LHC experiments.

The long-term interest in these studies will depend on what future LHCb and Belle2 data will tell
us, and on the flavour implications of possible LHC discoveries in the high-Q2 region. But it is likely
that heavy flavour studies will remain a pillar of the physics programme at 100 TeV. The flavour-physics
aspects of the 100 TeV collider will be discussed in a future document.

The total bb̄ production cross section at 100 TeV is about 3mb, an increase by a factor of ∼ 5
relative to the LHC, and it is more than a 1% fraction of the total pp cross section. As discussed above,
a large fraction of the total rate comes from gluons at very small x values, where the knowledge of
PDFs is today rather poor. The upper plot of Fig. 145 shows that, for a detector like LHCb, covering
the rapidity region 2.5 < y < 5, about 50% of the b events produced at 100 TeV would originate from
gluons with momentum x < 10−5. This domain, at these rather large values ofQ2, is almost unexplored,
although the first constraints [24,25,28] are emerging from forward charm and bottom production at the
LHC [396, 397] (see also Section 2 for a discussion of small-x issues at 100 TeV).

In Fig. 146 we show the rapidity distributions for b quarks produced above some thresholds of
pT and, for b quarks produced in the region 2.5 < |y| < 5, the integrated spectrum in longitudinal
momentum pz , comparing results at 14 and 100 TeV. We note that, while the total production rate grows
only by a factor of ∼ 5 from 14 to 100 TeV, the rate increase can be much larger once kinematic cuts
are imposed on the final state. For example, at 100 TeV b quarks are produced in the forward region
2.5 < |y| < 5 with pz > 1 TeV at the astounding rate of 10µb, 100 times more than at the LHC.
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Fig. 145: Top (bottom) panel: distribution, at 100 (14) TeV, of the smaller and larger values of the initial
partons momentum fractions in inclusive bb̄ events (solid) and in events with at least one b in the rapidity
range 2.5 < |y| < 5 (dashes).

To what extent this opens opportunities for new interesting measurements, to be exploited by the future
generation of detectors, remains to be studied.

11.2 Inclusive top pair production
Table 50 shows the NNLO cross section [398,399] for inclusive tt̄ production at 100 TeV. For reference,
the LO and NLO results obtained with the appropriate PDF sets of the NNPDF3.0 group are 24.3 nb
and 31.9 nb, respectively. This means K factors of 1.3 (NLO/LO) and 1.1 (NNLO/NLO), indicating
an excellent convergence and consistency of the perturbative expansion. Together with the small size
of PDF uncertainties, this suggests that the predictions for top production at 100 TeV are already today
rather robust. The ∼ 30 nb inclusive rate is more than 30 times larger than at 14 TeV. For the planned
total integrated luminosity of O(20)ab−1 [400], two experiments would produce of the order of 1012

(anti)top quarks. The possible applications emerging from this huge statistics have yet to be explored
in detail. It would be interesting to consider the potential of experiments capable of recording all these
events (only a small fraction of top quarks produced at the LHC survives for the analyses). Triggering
on one of the tops, would allow for unbiased studies of the properties of the other top and of its decay
products: studies of inclusive W decays [401] (which are impossible using the W ’s produced via the
Drell-Yan process), of charm and τ leptons produced from those W decays, of flavour-tagged b’s from
the top decay itself [402].
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Fig. 146: Left: production rates for b quarks as a function of detection acceptance in y, for various pT
thresholds (rates in µb for pT > 100 GeV, in mb otherwise). Right: forward b production rates, as a
function of the b longitudinal momentum.

PDF σ(nb) δscale(nb) (%) δPDF (nb) (%)

CT14 34.692 +1.000
−1.649

(+2.9%)
(−4.7%)

+0.660
−0.650

(+1.9%)
(−1.9%)

NNPDF3.0 34.810 +1.002
−1.653

(+2.9%)
(−4.7%)

+1.092
−1.311

(+3.1%)
(−3.8%)

PDF4LHC15 34.733 +1.001
−1.650

(+2.9%)
(−4.7%)

±0.590 (±1.7%)

Table 50: Total tt̄ production cross sections, at NNLO, for various PDF choices. mtop = 173.3 GeV.
The scale uncertainty is derived from the 7 scale choices of µR,F = kmmtop, with k = 0.5, 1, 2 and
1/2 < µR/µF < 2. The PDF4LHC15 [5] recommendation combines the systematics from the following
NLO PDF sets: NNPDF3.0 [7], MMHT2014 [9] and CT14 [8].

Fig. 147: Left: integrated invariant mass distribution for production of central tt̄ quark pairs. Right:
initial state composition as a function of the tt̄ invariant mass.
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Fig. 148: Normalised distributions for, from left to right, top quark transverse momentum, transverse
momentum of the tt̄ pair and its invariant mass, as evaluated by a NLO+PS calculation performed with
the POWHEG-BOX implementation of heavy quark hadroproduction.

11.3 Bottom and top production at largeQ2

Production of bottom and top quarks at large Q2 is characterized by two regimes. On one side we have
final states where the heavy quark and antiquark (Q and Q̄) give rise to separate jets, with a very large
dijet invariant mass MQQ. These are the configurations of relevance when, for example, we search for
the QQ̄ decay of massive resonances. In the case of top quarks, the left-hand side of Fig. 147 shows
the production rate for central tt̄ pairs above a given invariant mass threshold. At 100 TeV there will be
events well aboveMtt > 30 TeV. The right plot in Fig. 147 furthermore shows that, due to the absence at
LO of contributions from qq or qg initial states, gg initial states remain dominant up to very large mass,
Mtt ∼ 15 TeV. Well above MQQ̄ ∼ TeV, the results for bb̄ pair production are similar to those of the top.

This first high-Q2 regime can be further investigated by looking at other differential distributions
for the top quark beyond the invariant mass. In the following we show results obtained using POWHEG-
BOX implementation of the NLO calculation for heavy quark hadroproduction [241, 242, 332], matched
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Fig. 149: Left plot: normalised rapidity distribution of top quarks at FCC100 and LHC14. Right
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different invariant mass cuts.
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Fig. 150: Rapidity distributions of leptons (left plot) and B hadrons (right plot) from top decays. LHC-
like cuts for transverse momenta and missing energies (pT,` > 20 GeV, pT,B > 20 GeV, ET,miss >
20 GeV) are used, but rapidity cuts were removed. An additional cut on the invariant mass of the tt̄ pair,
mtt̄ > 10 TeV, is also included.

to the parton shower of PYTHIA 6 [100] (without MPI).38 NNPDF30 PDFs are used throughout, and the
factorisation/renormalisation scales are set equal to the top transverse mass. We first show, in Fig. 148,
the distributions for the top transverse momentum, the transverse momentum of the tt̄ pair, and its in-
variant mass, both at 14 and at 100 TeV. In all three cases, as expected, the normalised distributions at
FCC100 are much harder than at LHC14: they are larger by a factor of about 10 at a scale of 1 TeV, and
of about 100 at 2 TeV.

Another characteristic of top distributions at high-Q2 that one can study is the rapidity dependence.
The plots in Fig. 149 show that at 100 TeV (and especially so at high invariant masses) top quarks tend
to be produced at larger rapidity than at 14 TeV, and with a larger rapidity gap. This suggests that the top
quarks at 100 TeV will be a copious source of large-rapidity lepton. Fig. 150 shows that this is indeed
the case: one can see that rapidity distributions for the B hadrons and for the leptons produced by top
decays are distributed quite uniformly in rapidity until at least y ' 3, and only fall off quite steeply
beyond y ' 4.

38In order to improve the generation at high-pT a POWHEG “Born suppression factor” F (pT ) = [(p2T +m2)/(p2T +m2 +
B2)]3 with B = 10 TeV has been used. m is the top quark mass.
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Fig. 151: Left plot: Transverse momentum distribution of top quarks in tt̄ hadroproduction, calculated
to NLO and also with the FONLL approach. Uncertainties are estimated by varying the renormalisation
and factorisation scales within a factor of two around the top transverse mass, with the constraint 1/2 <
µR/µF < 2. Right plot: ratios to the NLO central prediction.

As a consequence of these wide rapidity distributions, “LHC-like” lepton cuts, where the leptons
are only measured in a central acceptance region |y`| < 2.5, may turn out not to be ideal at 100 TeV.
Moving this cut to at least y` = 3-3.5 would reduce the cross-section loss by a non-negligible amount.

Since the top quark transverse momentum distribution is expected to remain measurable at the
FCC100 up to several TeV, it is worth studying how the cross section at such large transverse momenta
(much larger than the top mass) is affected by multiple quasi-collinear emissions of gluons off the top
quarks. Techniques exist to resum these emissions to all orders with next-to-leading logarithmic ac-
curacy [403, 404], leading to a more reliable theoretical prediction. We show in Fig. 151 predictions
obtained using the FONLL approach [50], compared to the next-to-leading order results. While the
FONLL and the NLO predictions are largely compatible within their respective uncertainties (estimated
varying the renormalisation and factorisation scales), as expected the FONLL distribution is softer, and
has a smaller perturbative uncertainty.

The second regime of high-Q2 production occurs when we request only one jet to be tagged as
containing a heavy quark. This could be of interest, for example, in the context of high-pT studies
of single top production. In this regime, configurations in which the heavy quark pair arises from the
splitting of a large-pT gluon are enhanced. The final state will then contain a jet formed by the heavy-
quark pair, recoiling against a gluon jet. An example of the role of these processes is shown in Fig. 152,
where we compare the pT spectrum of b jets in events where the bb̄ pair is produced back to back (as in
the first case we discussed above), and the spectrum of jets containing the b pair (here jets are defined
by a cone size R = 0.4). The latter is larger by approximately one order of magnitude at the highest pT
values, leading to rates in excess of 1 event/ab−1 for pT > 15 TeV. Similar considerations apply to the
case of top quark production in this multi-TeV regime, as shown in the right plot of Fig. 152. In this case
the rate for tt̄ jets is only slightly larger than that for single-top jets, due to the much larger mass of the
top quark, which leads to a smaller probability of g → tt̄ splitting.
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Fig. 152: Left: production rates for b jets (solid), and for jets containing a bb̄ pair within ∆R < 0.4
(dashes). Right: same, for top-quark jets (top treated as stable).
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Fig. 153: Cross sections for top processes as a function of proton-proton collider energy. See text for
details.

11.4 Single top production
Like tt̄ pairs, production of single top at 100 TeV is also increased by large factors with respect to LHC.
However, since single top production is dominated by quark initiated t−channel production, the total
t + t̄ production cross section grows by about a factor 25 with respect to the LHC13, compared to the
growth of about 40 for the tt̄ cross-section (and of about 15 for its other major background, W+jets).

Figure 153 shows the total production cross section for various channels as a function of the
centre of mass energy. tt̄ and single top results are computed at NLO QCD, while associated tZ and
tH production are computed at LO QCD39. For (N)LO predictions (N)LO evolution of αs and parton
distributions were employed. For all the results in this section we used the NNPDF3.0 parton set [7].
Apart from associated Wt production, all results here are fully inclusive and are computed with µr =
µf = mt = 172.5 GeV. ForWt production, a b−jet veto of pb,t = 80 GeV is applied on additional b−jet
radiation coming from gg → Wtb diagrams to separate this process from the tt̄ background, see [406]
for details. As suggested in [406], we used in this case a lower scale, µ = pb,t,veto = 80 GeV. Results
for 13 TeV and 100 TeV are also summarized in Table 5140.

39Predictions are obtained using HatHor [405] and MCFM [236–238].
40For the numbers in the table we computed t−channel production to NNLO QCD [407]. The difference with respect of

NLO is however irrelevant for the considerations here.
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pp, 13 TeV pp, 100 TeV

σt, t−channelNNLO [nb] 0.14 2.6
σt̄, t−channelNNLO [nb] 0.08 2.0

σWt
NLO = σWt̄

NLO [nb] 0.035 1.3

σt, s−channelNLO [pb] 6.3 61.5
σt̄, s−channelNLO [pb] 3.9 48.6

σtZLO [pb] 0.5 22.1
σt̄ZLO [pb] 0.3 15.8

σtHLO [pb] 0.01 2.4
σt̄HLO [pb] 0.006 1.7

Table 51: Single top cross sections in pp collisions at 13 TeV and 100 TeV. All values are for fully
inclusive cross sections, with the exception of the Wt processes, see text for details.
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Fig. 154: Left: LO t-channel single top transverse momentum distribution. Right: LO cross section for
t-channel production as a function of a cut on the top transverse momentum. See text for details.

pminT = 0 pminT = 1 TeV pminT = 5 TeV

σt, t−channelNLO (pT > pminT ) 2.7 nb 1.0 pb 0.5 fb
σt̄, t−channelNLO (pT > pminT ) 2.0 nb 0.57 pb 0.2 fb

Table 52: NLO cross section for t−channel single top production as a function of a cut on the top
transverse momentum. See text for details.

At 100 TeV, t−channel single top is about a factor of 20 larger than at 13 TeV, while s−channel
production is about a factor of 10 larger. Associated production (with Higgs, Z or W ) tends to increase
more, about a factor of 35 or so. A consequence of these different behaviours as a function of the centre
of mass energy is that at 100 TeV the s-channel process becomes even less relevant, decreasing from
3% at LHC energy to 1% of the total single top cross section. This makes the (in principle unphysical)
distinction between s− and t− channels non problematic at the FCC. On the other hand, the increased
relative importance of Wt associated production (from 20% to 35% of the total cross-section) calls for a
proper treatment of this process. This can be achieved by considering the physical WWbb̄ final state.

We also note that associated Zt and Ht production rates are sizable at FCC100. The first process
is an important background to FCNC top decays. The second provides information on unitarity in the
Higgs/top sector. For example, modification of the top Yukawa coupling can lead to unitarity violations
in the few TeV regime, which can be exposed using Ht production. For more details on these processes
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and their potential, we refer the reader to [408–410].

A study of differential cross sections in t-channel single top production is shown in Fig. 154 and in
Table 52, where cross section values for t and t̄ integrated over a given minimum transverse momentum
are given. Even above pT = 5 TeV the integrated cross section remains in the femtobarn range.
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12 Associated production of top quarks and gauge bosons41

At 100 TeV, heavy particles and high-multiplicity final states are abundantly produced, giving the oppor-
tunity to scrutinise the dynamics and the strength of the interactions among the heaviest known particles:
the gauge and Higgs bosons, and the top quark. The large rates, and the very high energies at which these
particles can be produced, open new opportunities to test with greater precision and at smaller distances
the couplings of the top quark with the W,Z and Higgs bosons.

Final states involving the heaviest states of the SM are also an important ingredient of physics at
100 TeV, since they naturally lead to high-multiplicity final states (with or without missing transverse
momentum). These signatures are typical in BSM scenarios featuring new heavy states decaying via
long chains involving, e.g., dark matter candidates. Thus, whether as signal or as background processes,
predictions for this class of SM processes need to be known with the best possible precision, to maximise
the sensitivity to deviations from the SM.

Table 53 shows the NLO cross sections for the inclusive production of two top quark pairs, and for
production in association with one and two gauge bosons. Comparing the rates for associated production,

tt̄tt̄ tt̄W± tt̄ Z0 tt̄WW tt̄W±Z tt̄ ZZ

σ(pb) 4.93 20.5 64.2 1.34 0.21 0.20

Table 53: NLO cross sections for associated production of (multiple) top quark pairs and gauge
bosons [411, 412].

in Table 53, with those in Table 58 for multiple gauge boson production, and considering that each top
quark gives rise to a W through its decay, we remark that top quark processes at 100 TeV will provide
the dominant source of final states with multiple W bosons, and thus with multiple leptons. This will
have important implications for the search of new physics signals characterized by the presence of many
gauge bosons or leptons from the decay of the new heavy particles.

Notice also that tt̄Z0 production is more abundant than tt̄W±, contrary to the usual rule that W
bosons are produced more frequently than Z0’s in hadronic collisions. This is because the tt̄Z0 process
is driven by the gg initial state, which for these values of ŝ/S has a much larger luminosity than the
qq̄′ initial state that produces tt̄W . This also implies that studies of top production via initial state light
quarks (e.g. in the context of t vs t̄ production asymmetries) will benefit from a higher purity of the qq̄
initial state w.r.t. gg if one requires the presence of a W boson (see e.g. Ref. [413]).

In this section we discuss in some detail the associated production of a top-quark pair with one
boson (tt̄V ), covering a broad range of kinematical regions. Associated production with a Higgs boson
is discussed in more detail in the Higgs volume of this report. We review the impact of NLO QCD
corrections, and the residual theoretical uncertainties due to missing higher orders, by considering the
dependence of key observables on different definitions of central renormalisation and factorisation scales
and on their variations. These results for 100 TeV mimic the detailed study presented for 13 TeV in
Ref. [412]. We refer to this paper for more details.

12.1 tt̄V production
The NLO QCD corrections were calculated for tt̄H in [414–417], for tt̄γ in [418, 419], for tt̄Z in
[419–423], for tt̄W± in [413, 419, 423, 424] and for tt̄tt̄ in [64, 425]. NLO electroweak and QCD
corrections have also already been calculated for tt̄H in [426–428] and for tt̄W± and tt̄Z in [428].
Moreover, in the case of the tt̄H process, NLO QCD corrections have been matched to parton showers
[429, 430] and calculated for off-shell top (anti)quarks with leptonic decays in [431].

41Editors: D. Pagani, I. Tsinikos
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The results presented here have been obtained in the MADGRAPH5_AMC@NLO framework [64].
We start by defining the approach used to determine the theoretical systematic uncertainty, obtained from
the variation of renormalisation and factorisation scales. Given the broad kinematical range accessible
at 100 TeV, in addition to using a fixed scale we consider dynamical scales that depend on the transverse
masses (mT,i) of the final-state particles. Following Ref. [412], we consider the arithmetic mean of the
mT,i of the final-state particles (µa) and the geometric mean (µg), which are defined by:

µa =
HT

N
:=

1

N

∑

i=1,N(+1)

mT,i , (78)

µg :=


 ∏

i=1,N

mT,i




1/N

. (79)

Here, N is the number of final-state particles at LO and with N(+1) in Eq. (78) we understand that, for
the real-emission events contributing at NLO, the transverse mass of the emitted parton is included.42

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs [292]
respectively at NLO or LO accuracy, in the five-flavour-scheme (5FS) and with the associated values
of αs. We use mt = 173 GeV, mH = 125 GeV and the CKM matrix is considered as diagonal. NLO
computations assume the top quark and the vector bosons to be stable. If not stated otherwise photons are
required to have a transverse momentum larger than 50 GeV (pT (γ) > 50 GeV) and Frixione isolation
[290] is imposed for jets and additional photons, with the technical cut R0 = 0.4. The fine structure
constant α is set equal to its corresponding value in the Gµ-scheme for all the processes.

As first step, we show for all the tt̄V processes the dependence of the NLO total cross sections
on the variation of the renormalisation and factorisation scales µr and µf . This dependence is shown in
Fig.155 by keeping µ = µr = µf and varying it by a factor eight around the central value µ = µg (solid
lines), µ = µa (dashed lines) and µ = mt (dotted lines). The scales µa and µg are respectively defined
in eqs. (78) and (79).

As µa is typically larger than µg and mt, the bulk of the cross sections originates from phase-
space regions where αs(µa) < αs(µg), αs(mt). Consequently, such choice gives systematically smaller
cross sections. On the other hand, the dynamical-scale choice µg leads to results very close in shape
and normalisation to a fixed scale of order mt. Note that the scale dependence is monotone over this
broad range for all scale choices. This is due to the qg initial states, which give a very large contribution
and appear only at NLO. Consequently, no renormalisation and stabilisation of the µr is present for the
numerically dominant contribution.

As done in [412], in the following we use µg as the reference scale, and vary µf and µr inde-
pendently by a factor of two around the central value µg, µg/2 < µf , µr < 2µg, in order to estimate
the uncertainty due to missing higher orders. This can be seen as a more conservative choice than µa
as central scale; as can be seen in Fig. 155, the scale dependence in the range µa/2 < µf , µr < 2µa is
smaller than in the µg/2 < µf , µr < 2µg range.

Table 54 lists LO and NLO cross sections, with PDF and scale uncertainties, and K-factors for
the central values. As expected, the scale dependence is strongly reduced from LO to NLO predictions.
K-factors are very similar and close to 1, with the exception of tt̄W± production. For this process,
which at LO includes only qq̄ initial states, the opening of gq channels in the initial state has a huge
effect. Similar effects may be expected at NNLO, i.e., the first perturbative order including the gg initial
state. However, as suggested by the detailed analysis presented in this section for the case of the pT (tt̄)
distributions, NNLO corrections should not have such a large impact. For the tt̄γ process we also find

42This is not possible for µg; soft real emissions would lead to µg ∼ 0. Conversely, µa can also be defined excluding partons
from the real emission and, in the region where mT,i’s are of the same order, is numerically equivalent to µg . We remind that
in MADGRAPH5_AMC@NLO the renormalisation and factorisation scales are by default set equal to HT /2.

164

CHAPTER 1: STANDARD MODEL PROCESSES

164



]cµ [
f
µ = 

r
µ

1

 [p
b]

N
LO

σ

50

100

150 Ztt
±Wtt

LHC 100 TeV
γtt
Htt

g
µ = cµ

a
µ = cµ

t = mcµ ) > 50 GeVγ(
T

p

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O

1/8 1/4
|

1/2 2 4 8

Fig. 155: Comparison of the NLO scale dependence in the interval µc/8 < µ < 8µc for the three
different choices of the central value µc: µg, µa, mt.

100 TeV σ[pb] tt̄H tt̄Z tt̄W± tt̄γ

NLO 37.56+9.9%
−9.8%

+1.0%
−1.3% 64.07+10.8%

−10.9%
+0.9%
−1.2% 20.65+21.5%

−18.0%
+1.1%
−0.8% 76.68+13.3%

−12.6%
+0.9%
−1.2%

LO 34.26+25.6%
−19.6%

+0.9%
−1.6% 54.57+25.3%

−19.3%
+0.9%
−1.7% 9.39+34.1%

−25.1%
+0.9%
−1.4% 61.51+26.8%

−20.3%
+0.9%
−1.7%

K-factor 1.10 1.17 2.20 1.25

Table 54: NLO and LO cross sections for tt̄V processes and tt̄H production for µ = µg. The first
uncertainty is given by the scale variation within µg/2 < µf , µr < 2µg, the second one by PDFs
(MSTW2008). The relative statistical integration error is equal or smaller than one permille.

that in general the dependence of the cross-section scale variation is not strongly affected by the minimum
pT of the photon.

We now show the impact of NLO QCD corrections on important distributions and we discuss
their dependence on the scale variation and on the definition of the scales. For all the processes that
we analysed the distribution of the invariant mass of the top-quark pair and the pT and the rapidity
of the (anti)top quark, of the top-quark pair and of the vector or scalar boson. Here, we show only
representative results; all the distributions considered and additional ones can be produced via the public
code MADGRAPH5_AMC@NLO.

For each figure, we display together the same type of distributions for the four different processes
considered: tt̄γ, tt̄H , tt̄W± and tt̄Z. Most of the plots, for each individual process, will be displayed in
the format described in the following.

In each plot, the main panel shows the distribution at LO (blue) and NLO QCD (red) accuracy,
with µ = µf = µr equal to the reference scale µg. In the first inset we display the scale and PDF
uncertainties normalised to the blue curve, i.e., the LO with µ = µg. The light-grey band indicates the
scale variation at LO for the standard range µg/2 < µf , µr < 2µg, while the dark-grey band shows the
PDF uncertainty. The black dashed line is the central value of the light-grey band, thus it is by definition
equal to one. The solid black line is the NLO QCD differential K-factor for the scale µ = µg, the red

165

CHAPTER 1: STANDARD MODEL PROCESSES

165



dσ
/d

m
 [p

b/
bi

n]
tt-γ (µg), LHC100 pT(γ) > 50 GeV NLO

LO

 0.5

 2

 1

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O

Κ
(µ

g)

LO unc. NLO unc.

 0.6
 1

 1.4

Κ
(µ

a)

 0.6
 1

 1.4

Κ
(m

t)

 0.6
 1

 1.4

µ
a/
µ

g

µg unc. µa unc.

 0.8
 1

 1.2

m
t/µ

g

m(tt-) [GeV]

µg unc. mt unc.

 0.8
 1

 1.2

 300  400  500  600  700  800  900  1000
dσ

/d
m

 [p
b/

bi
n]

tt-H (µg), LHC100 NLO
LO

 0.5

 2

 1

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O

Κ
(µ

g)

LO unc. NLO unc.

 0.6
 1

 1.4

Κ
(µ

a)

 0.6
 1

 1.4

Κ
(m

t)

 0.6
 1

 1.4

µ
a/
µ

g

µg unc. µa unc.

 0.8
 1

 1.2

m
t/µ

g
m(tt-) [GeV]

µg unc. mt unc.

 0.8
 1

 1.2

 300  400  500  600  700  800  900  1000

dσ
/d

m
 [p

b/
bi

n]

tt-W± (µg), LHC100 NLO
LO

 0.1

 1

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Κ
(µ

g)

LO unc. NLO unc.

 1
 2
 3

Κ
(µ

a)

 1
 2
 3

Κ
(m

t)

 1
 2
 3

µ a
/µ

g

µg unc. µa unc.

 0.6
 1

 1.4

m
t/µ

g

m(tt-) [GeV]

µg unc. mt unc.

 0.6
 1

 1.4

 300  400  500  600  700  800  900  1000

dσ
/d

m
 [p

b/
bi

n]

tt-Z (µg), LHC100 NLO
LO

 0.5

 2

 1

M
a

d
G

r
a

p
h

5
_

a
M

C
@

N
L

O

Κ
(µ

g)

LO unc. NLO unc.

 0.6
 1

 1.4

Κ
(µ

a)

 0.6
 1

 1.4

Κ
(m

t)

 0.6
 1

 1.4

µ
a/
µ

g

µg unc. µa unc.

 0.8
 1

 1.2

m
t/µ

g

m(tt-) [GeV]

µg unc. mt unc.

 0.8
 1

 1.2

 300  400  500  600  700  800  900  1000

Fig. 156: Differential distributions for the invariant mass of top-quark pair,m(tt̄) at 100 TeV. The format
of the plots is described in detail in the text.

band around it indicates the scale variation in the standard range µg/2 < µf , µr < 2µg. The additional
blue borders show the PDF uncertainty. We stress that in the plots, as in the tables, scale uncertainties
are always obtained by the independent variation of the factorisation and renormalisation scales, via the
reweighting technique that has been introduced in [432]. The second and third insets show the same
content of the first inset, but with different scale choices. In the second panel both LO and NLO have
been evaluated with µ = µa, while in the third panel with µ = mt.

The fourth and the fifth panels show a comparison of NLO QCD predictions using the scale µg
and, respectively, µa and mt. All curves are normalised to the red curve in the main panel, i.e., the
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Fig. 157: Cumulative distributions for the invariant mass of top-quark pair, m(tt̄) at 100 TeV. The format
of the plots is described in detail in the text.

NLO with µ = µg. The light-grey band now indicates the scale variation dependence of NLO QCD
with µ = µg. Again the dashed black line, the central value, is by definition equal to one and the
dark-grey borders include the PDF uncertainties. The black solid line in the fourth panel is the ratio of
the NLO QCD predictions at the scales µa and µg. The red band shows the scale dependence of NLO
QCD predictions at the scale µa, normalised to the central value of NLO QCD at the scale µg. Blue
bands indicate the PDF uncertainties. The fifth panel is completely analogous to the fourth one, but it
compares NLO QCD predictions with µg and mt as central scales.

We start with Fig. 156, which shows the distribution for the invariant mass of the top-quark pair
(m(tt̄)) for the four production processes. From this distribution it is possible to note some features
that are typical for most of the distributions. As can be seen in the fourth insets, the use of µ = µa
leads to NLO values compatible with, but also systematically smaller than, those obtained with µ = µg.
Conversely, the use of µ = mt leads to scale uncertainties bands that overlap with those obtained with
µ = µg. By comparing the first three insets for the four different processes, it can be noted that the
reduction of the scale dependence from LO to NLO results is stronger in tt̄H production than for the tt̄V
processes. As said, all these features are not peculiar for the m(tt̄) distribution, and they are consistent
with the total cross section analysis presented before, see Fig. 155 and Table 54. From Fig. 156 one can
also see that the two dynamical scales µg and µa yield slightly flatter K-factors than those obtained with
the fixed scale mt, supporting a posteriori such a reference scale.

However, at 100 TeV the K−factor for the (m(tt̄)) distribution in tt̄W± production is not flat,
independently of the scale definition employed, as can be seen in Fig. 156. This effect is induced by the
qg(q̄g) initial states, which have at 100 TeV a relative large PDF luminosity also for high values ofm(tt̄)
and especially t-channel-like diagrams for the top-quark pair, at variance with LO qq̄′ production.
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Fig. 158: Differential distributions for the pT of top-quark pair, pT (tt̄) at 100 TeV. The format of the
plots is described in detail in the text.

In Fig. 157 we display for the same observable cumulative plots, i.e., we plot the dependence of
the total cross sections on the cut m(tt̄) > mcut by varying mcut. We can notice that at very high values
of mcut the luminosities of the qg(q̄g) initial states are not the dominant ones, for example the K-factor
of tt̄W± decreases accordingly. For cumulative distributions we show in the plots only results obtained
by using µg as central scale.

For particular observables and processes, like the pT of the top-quark pair (pT (tt̄)) in tt̄W± and
tt̄γ production, the K factors show a strong kinematic dependence. This is shown in Figs. 158 and 159.
The origin of these effects is well understood [66,310,311]. Top-quark pairs with a large pT originate at
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Fig. 159: Cumulative distributions for the pT of top-quark pair, pT (tt̄) at 100 TeV. The format of the
plots is described in detail in the text.

LO from the recoil against a hard vector or a hard scalar boson. Conversely, at NLO, in this kinematical
configuration the largest contribution emerges from the recoil of the top-quark pair against a hard jet and
a soft scalar or vector boson. In particular, the cross section for a top-quark pair with a large pT receives
large corrections from the qg initial state, which appears for the first time only at NLO.

In the case of tt̄W± production, for instance, the emission of a W collinear to the final-state
quark in qg → tt̄W±q′ can be approximated as the qg → tt̄q process times the q → q′W± splitting.
For the W momentum, the splitting involves a soft and collinear singularity that is regulated by the W
mass. Thus, once the W momentum is integrated, the qg → tt̄W±q′ process yields a contribution to
the pT (tt̄) distributions that is proportional to αs log2 [pT (tt̄)/mW ], leading to large corrections. The
same argument clearly applies also to tt̄Z for the q → qZ splitting in qg → tt̄Zq. However, in the
case of tt̄W±, this effect is further enhanced also by a different reason. Unlike the other production
processes, tt̄W± production does not originate at LO from the gluon–gluon initial state, which has the
largest partonic luminosity. Consequently, the relative corrections induced by the quark–gluon initial
states have a larger impact.

The argument above clarifies the origin of the enhancement at high pT of the tt̄ pairs, yet it raises
the question of the reliability of NLO predictions for tt̄V in this region of the phase space. In partic-
ular, the giant K-factors and the large scale dependence call for better predictions. One could argue
that only a complete NNLO calculation for tt̄V would settle this issue. However, since the dominant
kinematic configurations involve a hard jet, it is possible to start from the tt̄V j final state and reduce
the problem to the analysis of NLO corrections to tt̄V j, which can be automatically obtained with
MADGRAPH5_AMC@NLO. We have therefore computed results for different minimum pT for the addi-
tional jet both at NLO and LO accuracy. In Fig. 160, we summarise the most important features of the
tt̄W±(j) cross section as a function of the pT (tt̄) as obtained from different calculations. Similar results,
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even though less extreme, hold for tt̄Z and tt̄H final states and therefore we do not show them for sake
of brevity. In Fig. 160, the solid blue and red curves correspond to the predictions of pT (tt̄) as obtained
from tt̄W± calculation at LO and NLO accuracy, respectively. The dashed light blue, purple and light-
grey curves are obtained by calculating tt̄W±j at LO (with NLO PDFs and αs and same scale choice
in order to consistently compare them with NLO tt̄W± results) with a minimum pT cut for the jets of
50, 100, and 150 GeV, respectively. The three curves, while having a different threshold behaviour, they
all tend smoothly to the tt̄W± prediction at NLO at high pT (tt̄), clearly illustrating that the dominant
contributions come from kinematic configurations with a hard jet. Finally, the dashed green line is the
pT (tt̄) as obtained from tt̄W±j at NLO in QCD with the minimum pT cut of the jet of 100 GeV. This
prediction for pT (tt̄) at high pT is stable and reliable, and in particular it does not feature any large K-
factor, as can be seen in the lower inset, which displays the differential K-factor for tt̄W±j production
with the pT cut of the jet of 100 GeV. For large pT (tt̄), NLO corrections to tt̄W±j reduce the scale
dependence of the LO predictions, but do not increase their central value. Consequently, since we do not
expect large effects from NNLO corrections in tt̄W± production at large pT (tt̄), a simulation of NLO
tt̄V +jets merged sample à la FxFx [433] should be sufficient in order to provide reliable predictions over
the entire phase space.
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Fig. 160: Comparison at 100 TeV between differential distribution of the tt̄ transverse momentum in
tt̄W± from calculations performed at different orders in QCD. The blue and red solid histograms are
obtained from the tt̄W± calculation at LO and NLO, respectively. The dashed histograms are obtained
from the tt̄W±j calculation at LO (light blue, purple, and light grey) and at NLO (green), for different
minimum cuts (50, 100, 150 GeV) on the jet pT . The lower inset shows the differential K-factor as well
as the residual uncertainties given by the tt̄W±j calculation.

For completeness, we provide in Table 55 the total cross sections at LO and NLO accuracy for
tt̄W±j, tt̄Zj and tt̄Hj production, with a cut pT (j) > 100 GeV. At variance with what has been done
in Fig.160 LO cross sections are calculated with LO PDFs and the corresponding αs.

In Fig. 161 we show additional proofs for the argument discussed so far. We plot relevant distri-
butions for the tt̄W±j production. One can see that the W and the jet tends to be collinear, especially
for large pT (tt̄), and that the W is typically soft.
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Fig. 161: Relevant distributions for tt̄W±j production, where the fixed scale µ = mt has been used.
Black lines are without cuts, red and blue lines are with cuts.

100 TeV σ[pb] tt̄Hj tt̄Zj tt̄W±j

NLO 19.42+0.7%
−4.9%

+1.0%
−1.2% 32.38+2.4%

−7.4%
+0.9%
−1.1% 17.16+14.9%

−13.7%
+0.7%
−0.6%

LO 27.02+39.3%
−26.4%

+1.1%
−1.6% 39.81+39.8%

−26.7%
+1.1%
−1.6% 15.67+37.7%

−25.5%
+0.5%
−1.1%

K-factor 0.72 0.81 1.10

Table 55: Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are set
equal to µg for the tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permille.

The mechanism discussed in detail in previous paragraphs is also the source of the giantK-factors
for large pT (tt̄) in tt̄γ production, see Fig. 158. This process can originate from the gg initial state at
LO. However, the emission of a photon involves soft and collinear singularities that are not regulated by
physical masses. When the photon is collinear to the final-state quark, the qg → tt̄γq process can be
approximated as the qg → tt̄q process times a q → qγ splitting. In this case, soft and collinear diver-
gences are regulated by both the cut on the pT of the photon (pcut

T ) and the Frixione-isolation parameter
R0. We have checked that, increasing the values of pcut

T and/or R0, the size of the K-factors is reduced.
It is interesting to note that also corrections in the tail are much larger for µ = µg than µ = µa. This is
due to the fact that the softest photons, which give the largest contributions, sizeably reduce the value of
the scale µg, whereas µa is by construction larger than 2pT (tt̄). This also suggests that µg might be an
appropriate scale choice for this process only when the minimum pT cut and the isolation parameters on
the photon are harder.

In Figs. 162 and 163 we respectively show the pT distributions for the top quark and the vector or
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Fig. 162: Differential distributions for the pT of top-quark, pT (t) at 100 TeV. The format of the plots is
described in detail in the text.

scalar boson, pT (t) and pT (V ). For these two observables, we find the general features that have already
been addressed for the m(tt̄) distributions in Fig. 156. We display in Fig. 164 cumulative distributions
for pT (V ).

In Fig. 165 we display the distributions for the rapidity of the vector or scalar boson, y(V ). For
the four processes considered here, the vector or scalar boson is radiated in different ways at LO. In
tt̄H production, the Higgs boson is not radiated from the initial state. In tt̄Z and tt̄γ production, in
the quark–antiquark channels the vector boson can be emitted from the initial and final states, but in
the gluon–gluon channel it can be radiated only from the final state. In tt̄W± production, the W is
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Fig. 163: Differential distributions for the pT of the vector or scalar boson, pT (V ) at 100 TeV. The format
of the plots is described in detail in the text.

always emitted from the initial-state quarks. The initial-state radiation of a vector boson is enhanced
in the forward and backward directions, i.e., when it is collinear to the beam-pipe axis. Consequently,
the vector boson is more peripherally distributed in tt̄W± production, which involves only initial state
radiation, with respect to tt̄γ and especially tt̄Z production. In tt̄H production, large values of |y(V )|
are not related to any matrix-element enhancement and indeed the y(V ) distribution is much more central
than in tt̄V processes. With NLO QCD corrections, in tt̄W± production the vector boson is even more
peripherally distributed. On the contrary, NLO QCD corrections make the distribution of the rapidity
of the Higgs boson even more central. In Fig. 165 one can also notice how the reduction of the scale
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Fig. 164: Cumulative distributions for the pT of the vector or scalar boson, pT (V ) at 100 TeV. The format
of the plots is described in detail in the text.

dependence from LO to NLO results is much higher in tt̄H production than in tt̄V type processes.
Furthermore, for this observable, K-factors are in general not flat also with the use of dynamical scales
in the case of tt̄W± and tt̄H . From a phenomenological point of view, this is particularly important for
tt̄W±, since the cross section originating from the peripheral region is not suppressed.

In Fig. 166 we show distributions for the rapidities of the top quark and antiquark, y(t) and y(t̄).
In this case we use a different format for the plots. In the main panel, as in the previous plots, we show
LO results in blue and NLO results in red. Solid lines correspond to y(t), while dashed lines refer to y(t̄).
In the first and second insets we plot the ratio of the y(t) and y(t̄) distributions at NLO and LO accuracy,
respectively. These ratios are in principle useful to identify which distribution is more central(peripheral)
and if there is a central asymmetry for the top-quark pair.

In the case of tt̄ production the charge asymmetry Ac, which in proton–proton collisions corre-
sponds to a central asymmetry defined as

Ac =
σ(|yt| > |yt̄|)− σ(|yt| < |yt̄|)
σ(|yt| > |yt̄|) + σ(|yt| < |yt̄|)

, (80)

or to a forward-backward asymmetry in proton–antiproton collisions, originates from QCD and EW
corrections. At NLO, the asymmetry receives contributions from the interference of initial- and final-
state radiation of neutral vector bosons (gluon in QCD corrections, and photons or Z bosons in EW
corrections) [434–439]. Thus, the real-radiation contributions involve, at LO, the processes pp → tt̄Z
and pp → tt̄γ, which are analysed here both at LO and at NLO accuracy. The tt̄γ production yields
an asymmetry already at LO, and this feature has been studied in [440]. The tt̄Z production central
asymmetry is also expected to be non vanishing at LO. The asymmetry is instead analytically zero at
LO for tt̄W± (tt̄H) production, where the interference of initial- and final-state W (Higgs) bosons is not
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Fig. 165: Differential distributions for the rapidity of the vector or scalar boson, y(V ) at 100 TeV. The
format of the plots is described in detail in the text.

possible.43

Conversely, at NLO all the tt̄V processes and the tt̄H production have an asymmetry. However,
both at LO and NLO asymmetric effects on y(t) and y(t̄) distributions are small at 100 TeV and difficult
to be seen in Fig. 166. These effects can be better quantified by looking directly to the asymmetry Ac
defined in Eq. (80). NLO and LO results for Ac are listed in Table 56, which clearly demonstrates, once
again, that NLO QCD effects cannot be neglected in the predictions of the asymmetries. For tt̄W± and

43In principle, when the couplings of light-flavour quarks are considered as non-vanishing, the initial-state radiation of a
Higgs boson is possible and also a very small asymmetry is generated. However, this possibility is ignored here.
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Fig. 166: Differential distributions for the rapidity of the top quark and antiquark, y(t) and y(t̄) at 100
TeV.

tt̄H production, an asymmetry is actually generated only at NLO. The case of tt̄W± production has
been studied in detail in [413], also for 100 TeV collisions. Furthermore, NLO QCD corrections largely
increase the asymmetry in tt̄Z production, and decrease it by ∼ 40% in tt̄γ production.

12.2 Photon emission off the top quark decay products
It is interesting to note that in tt̄ + γ final states the photon is not only radiated in the production stage
(i.e. before the top quarks go on-shell), it is also emitted off the top quark decay products (after one of
the top quarks has gone on-shell). The branching t→ bW +γ has a kinematically large phase space with
allowed photon energies pγ⊥,cut ≤ Eγ ≤ mt −MW ≈ 92 GeV in the top quark rest frame. The small
masses of the b-quark and W decay products lead to additional collinear enhancements. As a result,
radiative top quark decays yield a large contribution to W+W−bb̄+ γ final states (with intermediate on-
shell tt̄ pairs). In Fig. 167 we show their relative contribution to the total cross section and compare them
to photons radiated in the production process. In this study, we assume photons with pγ⊥ ≥ 20 GeV and
require a separation of ∆R = 0.2 between photons and leptons or jets. At moderate photon transverse
momenta (20-60 GeV), the contribution from radiative top quark decays dominates the total cross section
with more than 70%. Beyond pγ⊥ ≈ 100 GeV the contribution from the tt̄ + γ process with subsequent
top quark decays takes over, but radiative top quark decays still matter at the 10% level up to transverse
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100 TeV Ac [%] tt̄W± tt̄γ

LO - (−0.70± 0.05)+0.04
−0.04

+0.03
−0.02

NLO (1.3± 0.1)+0.23
−0.16

+0.05
−0.03 (−0.45± 0.04)+0.05

−0.04
+0.01
−0.02

100 TeV Ac [%] tt̄H tt̄Z

LO - (0.03± 0.05)+0.001
−0.004

+0.003
−0.01

NLO (0.17± 0.01)+0.06
−0.04

+0.01
−0.01 (0.22± 0.04)+0.06

−0.04
+0.01
−0.01

Table 56: NLO and LO central asymmetries for tt̄V -type processes and tt̄H production at 100 TeV
for µ = µg. The first uncertainty is due to the limited integration statistics. The second and third
uncertainties reflect the scale variation within µg/2 < µf , µr < 2µg, and the PDFs. These were obtained
by reweighting the distributions, during integration, on an event-by-event basis.
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Fig. 167: Relative contribution of photons from the top quark production (black) and decay (blue) stage
in W+W−bb̄ + γ final states at 100 TeV. Photons are required to have p⊥ ≥ 20 GeV and be separated
from jets and leptons by ∆Rγ` = ∆Rγj = 0.2.

photon momenta of 300 GeV. Dedicated selection cuts to remove the radiative top quark decay process
have been presented in Refs. [440, 441]. However, at NLO QCD the fraction of t→ bW + γ events that
still pass these cuts can be as large as 10% [418], the same order of magnitude as the NLO corrections
themselves.
Because of these features specific to top quark pair production in association with a photon, certain care
has to be taken when describing a realistic final state of W+W−bb̄+ γ. Recent experimental analyses at
the LHC [442, 443] apply typical selection cuts on leptons, jets, missing energy and the photon, but do
not explicitly suppress radiative top quark decays. Hence, neglecting this contribution in the theoretical
description can lead to an underestimation of the event rate by a factor of up to 3.
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13 Top properties44

In the SM, the top quark is possibly the particle whose production and decay properties are simpler. It
lacks the rich phenomenology of hadronic spectroscopy characteristic of all other quarks; its decay is
dominated by the Wb final state, with a tiny contamination of Ws and Wd, and all other SM-allowed
decays (FCNC, t → WZb, etc) being so small as to be beyond the experimental reach. On the other
hand, its large mass implies a particular sensitivity to the mechanism of electroweak symmetry breaking.
Thus, precision studies of the top-Higgs couplings, as well as the couplings of the top to the electroweak
gauge bosons, are of great importance in understanding electroweak symmetry breaking and possibly
challenging its SM realization. Furthermore, new physics unrelated to the mechanism of electroweak
symmetry breaking might be revealed through modifications of SM interactions rather than through a
direct discovery of new particles. For a general introduction to the study of top quark properties in
hadronic collisions, we refer to the old report on SM physics at the LHC, Ref. [444].

We avoid here a discussion of the determination of the top mass at 100 TeV: any progress relative
to what will be known at the end of the LHC will depend on theoretical progress that is hard to anticipate
now, and on a very precise definition of the future experimental environment and detector performance.
We focus in this section on the prospects to measure precisely the top couplings to EW bosons and to
gluons, and to constrain possible deviations from the SM expectations.

The anomalous chromomagnetic and chromoelectric dipole moments dV and dA in

L = LQCD +
gs
mt

t̄σµν(dV + i dAγ5)
λa
2
tGaµν (81)

modify the couplings of top quarks to gluons and hence they affect any observable involving final
state tops. Since top quark pairs are copiously produced in hadronic pp collisions, and since the
production and decay dynamics of this process are very well understood, pp → tt̄ is ideally suited to
an investigation of the top-gluon interactions. In particular, the chromodipole moments are expected
to have an important impact on the high energy behavior of this process. Numerous studies have
investigated these effects in the LHC environment and a large number of sensitive observables have
been described [445–453]. High energy production rates will be even more accessible at the 100 TeV
FCC. A cross section analysis suggests that using mtt̄ & 10 TeV at the FCC offers the best balance
between the sensitivity of the high energy behavior and the statistics in this regime [338]. This leads to
an improvement of the chromodipole moment constraints by an order of magnitude, as compared with a
similar analysis for the high energy LHC run, see Fig. 168.

The abundant production of top quark pairs at the FCC will also improve the limits on top rare
decays, for example those mediated by top flavour-changing neutral couplings to the gauge bosons,

L =
g

2cW
q̄

[
γµ(XL

qtPL +XR
qtPR) +

iσµνqν
MZ

(κLqtPL + κRqtPR)

]
tZµ

+e q̄
iσµνqν
mt

(λLqtPL + λRqtPR)tAµ + h.c. , (82)

with q = u, c. There are not yet dedicated studies of the FCC sensitivity to such processes. Performing
a naive rescaling of the LHC expectations for

√
s = 14 TeV and 100 fb−1 [454, 455] and assuming a

luminosity of 10 ab−1 for the FCC, one would expect an improvement of almost two orders of magnitude,
reaching a sensitivity of Br(t → qZ, qγ) ' 10−7. However, at such a level of precision the systematic
uncertainties in the background predictions will likely be dominant, and a more reliable estimation of the
sensitivity requires a detailed analysis.

Let us now turn to the discussion of final states with top quarks in association with electroweak
bosons. These processes yield direct sensitivity to the top quark electroweak couplings and are copiously

44Editors: M Schulze, J.A. Aguilar Saavedra
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Fig. 168: (Left) Sensitivity of the
√
s = 14 TeV LHC, and the

√
s = 100 TeV FCC to the chromomag-

netic and chromoelectric dipole moments dV and dA from tt̄ production. Three different definitions for
the boosted regime at the FCC are shown. (Right) A comparison of constraints on dV and dA from past,
present, and future hadron colliders. For more details, see Ref. [338]

produced in 100 TeV collisions. We postpone to the Higgs volume of this Report the more detailed
discussion of top production with a Higgs boson and the determination of the top Yukawa coupling.
Studies of the couplings of the top quark to the electroweak gauge bosons are complementary to studies
of the top-Higgs interactions. The couplings of the neutral gauge bosons Z and γ to the top quark are
fixed by the SM quantum numbers and gauge symmetries. Weak and electromagnetic dipole moments of
the top quark arise effectively through loop corrections but are very small [456–458] in the SM. Possible
anomalous contributions from physics beyond the SM can modify any of these couplings and are best
studied in associated production with a top pair or single top. The sensitivity of tt̄Z and tt̄γ at the LHC to
the top-electroweak couplings was first explored at LO in Ref. [459,460], and more recently tt̄Z studies
at NLO QCD have been presented in Refs. [461–463], and for tt̄γ with photon from the production
process in Ref. [463]. The transverse momentum of the vector boson, and, in the case of tt̄Z production,
the azimuthal angle between the leptons arising from the decay of the Z boson, are particularly sensitive
to the top-electroweak couplings. These couplings may also be probed through the charge asymmetry in
tt̄γ production, which appears at LO due to the qq̄ initial state [440]. Similar to tt̄H production, the cross
section for tt̄Z production increases by a factor of about 50 at the FCC as compared to the

√
s = 13 TeV

LHC. Using the coupling parametrization

Ltt̄Z = eψ̄t

[
γµ
(
C1,V + γ5C1,A

)
+

iσµνqν
MZ

(
C2,V + iγ5C2,A

)]
ψtZµ, (83)

possible constraints on the couplings C1/2,V/A at the
√
s = 13 TeV LHC with 3 ab−1 of data has

been presented in Refs. [461, 462] and are shown in Fig. 169 and Table 57 together with constraints
achievable at the 100 TeV FCC with 10 ab−1. These analyses take account of the theoretical uncertainty,
currently at 15% but projected to decrease to 5% by the time the FCC is operational. Driven by the
larger statistics and reduction of the theoretical uncertainties, the sensitivity of the FCC to the top-Z
couplings is anticipated to exceed that of the LHC by factors of 3-10. Moreover, the construction of
cross section ratios to cancel various uncertainties has been proposed in Ref. [464] and can further boost
sensitivity by factors of 2-4.

The process tt̄ + W is peculiar in this context as it does not yield an enhanced sensitivity to the
Wtb coupling. The reason is the simple fact that theW boson can only be radiated off the qq̄ initial state.
This also prohibits a gg-initiated process and, therefore, the production cross section is small with 587 fb
at the 13 TeV LHC and 19 pb at the FCC [413], before branching of the top quarks and the W boson.
Nevertheless, the authors of Ref. [413] pointed out that these particular features allow for the study of
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Fig. 169: Comparison of potential constraints on couplings C1/2,V/A achievable at the LHC and FCC.
For further details, see Refs. [461, 462].

a charge asymmetry as the top quarks largely inherit the polarization of the initial state. At a 100 TeV
collider, a SM asymmetry of about +2% is expected and can be used to discriminate against new physics
scenarios of axigluons [465, 466] which induce asymmetries of O(10%) for axigluon masses in the few
TeV range [413]. It was shown in Ref. [440] that similar axigluon models can also be probed through
asymmetries in tt̄+ γ production. (See Ref. [467] for a review.)

C1,V C1,A C2,V C2,A

SM value 0.24 −0.60 < 0.001 � 0.001

13 TeV, 3 ab−1 [−0.4,+0.5] [−0.5,−0.7] [−0.08,+0.08] [−0.08,+0.08]

100 TeV, 10 ab−1 [+0.2,+0.28] [−0.63,−0.57] [−0.02,+0.02] [−0.02,+0.02]

Table 57: Possible constraints on anomalous vector and axial couplings (C1,V/A) and weak dipole
moment couplings (C2,V/A) in pp→ tt̄+Z production at the LHC and FCC. The bounds correspond to
the 95 % C.L. exclusion for one coupling when all others are marginalized over. For further details, see
Ref. [462].

As yet, no studies of the sensitivity of the single top + Z/γ processes to the flavor-conserving
top couplings exist, despite the fact that associated production with a single top is known to have a
comparable rate to production with a top pair [410]. Single top production plus a Z boson or a photon
can also be mediated by top flavour-changing neutral couplings [468], in the processes gq → Zt/γt,
with q = u, c. At the LHC, the potential of these processes to probe u − t couplings is similar to tt̄
production followed by a flavour-changing decay t→ uZ/uγ [455] but the sensitivity to c− t couplings
is much worse, due to the lower parton luminosity for charm quarks. At the FCC, the gu → Zt/γt
cross sections increase by a factor of 15 with respect to the LHC, and by a factor of 50 (40) for gc →
Zt(γt). (We assume here that Ztu and Ztc couplings have tensor structure.) The larger enhancement

180

CHAPTER 1: STANDARD MODEL PROCESSES

180



0 500 1000 1500 2000 2500 3000
m

Zt
 (GeV)

10
-5

10
-4

10
-3

10
-2

10
-1

σ
 (

n
o

rm
a

lis
e

d
)

gu → Zt (σ
µν

)

gc → Zt (σ
µν

)

gu → Zt (γ
µ
)

gc → Zt (γ
µ
)

13 TeV

0 500 1000 1500 2000 2500 3000
m

Zt
 (GeV)

10
-5

10
-4

10
-3

10
-2

10
-1

σ
 (

n
o

rm
a

lis
e

d
)

gu → Zt (σ
µν

)

gc → Zt (σ
µν

)

gu → Zt (γ
µ
)

gc → Zt (γ
µ
)

100 TeV

0 500 1000 1500 2000 2500 3000
m

γt
 (GeV)

10
-5

10
-4

10
-3

10
-2

10
-1

σ
 (

n
o

rm
a

lis
e

d
)

gu → γt

gc → γt

13 TeV

0 500 1000 1500 2000 2500 3000
m

γt
 (GeV)

10
-5

10
-4

10
-3

10
-2

10
-1

σ
 (

n
o

rm
a

lis
e

d
)

gu → γt

gc → γt

100 TeV

Fig. 170: Normalised invariant mass distributions for Zt and γt production mediated by top flavour-
changing couplings to the Z boson, at the LHC (left) and FCC (right). The pseudo-rapidities of the top
quark and the Z/γ boson are required to be in the range |η| ≤ 2.5.

for charm-initiated processes leads to a comparable sensitivity to u − t and c − t couplings. But, more
interestingly, the production cross section for highly-energetic Zt/γt pairs does not decrease as fast as
for the SM backgrounds, due to the momentum dependence of the σµν vertex, as it is shown in Fig. 170.
(The differential distributions for SM backgrounds are expected to be similar to the ones for gu → Zt
mediated by γµ couplings, shown in Fig. 170.) With the large cross sections and luminosities expected
for the FCC, it will be possible to explore the highly-boosted Zt/γt regime, where SM backgrounds are
small. It is then expected that the sensitivity to top flavour-changing neutral couplings will be excellent,
though a quantitative statement and a comparison with tt̄ decays requires a detailed analysis.
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14 Production of multiple heavy objects45

Standard Model processes featuring many heavy particles in the final state are challenging at colliders.
On one side, the presence of many particles is indicative of the dynamic complexity of these processes,
that entail several powers of the strong and/or of the electroweak coupling constant; on the other hand,
the production of such heavy states requires considerable energy owing to the high mass thresholds.
These effects are responsible for their small rates, which, together with the experiential difficulty in
reconstructing such complicated topologies, makes their measurement a formidable task.

Nevertheless, from this very complexity stem the main reasons of interest in these processes.
Their dynamic and kinematic structure is so rich that the measurement of one of them may probe several
properties of the underlying theory at the same time; these reactions are typically sensitive to couplings
of different nature which make them ideal tools for understanding in detail the interplay among different
particle sectors. Moreover, their complex kinematics may lend them unique features, which allow cleaner
signal extraction through the definition of elaborated event-selection strategies. Finally, they very often
appear as important backgrounds to many BSM signals, for example those featuring heavy intermediate
new-physics states with long decay chains to SM light particles.

While some of these reactions are out of reach at present colliders, a substantial increase in centre-
of-mass energy and in luminosity may render them accessible at future accelerators, with a consequent
step up in the level of detail to which fundamental interactions can be probed. A future 100 TeV hadronic
collider may thus unleash the potential of some of these channels to measure SM parameters with un-
precedented accuracy, to possibly discover new physics through rare production mechanisms, and to
constrain BSM parameter spaces in new, more and more elaborated manners.

In the following, some of the processes that today are considered as ‘rare’ are presented, cate-
gorised according to their matter content, together with some physics opportunities they may give once
their yield will be statistically significant at a 100-TeV collider. The rates shown in the tables and fig-
ures of this section are at the NLO in QCD, and have been obtained in [411] with the automatic code
MadGraph5_aMC@NLO [64]. The setup employed is summarised below.

– Non-zero particle masses aremt = 173 GeV,mH = 125 GeV,mZ = 91.188 GeV,mW = 80.419
GeV. The bottom-quark mass is set tomb = 4.7 GeV in the four-flavour-scheme (4FS) simulations,
and to mb = 0 in the five-flavour-scheme (5FS) ones. The CKM matrix is VCKM = 1, and the fine-
structure constant is α = 1/132.507.

– Renormalisation and factorisation scales are chosen as µR = µF = 1
2

∑
km

(k)
T , m(k)

T being the
transverse mass of the k-th final-state particle. Independent variation of µR and µF in the range
[1/2, 2] is obtained in an exact way without rerunning the code, through the reweighting technique
described in [432]. The uncertainty associated with this variation is shown as a dark band in the
plots of the section.

– As PDFs, the MSTW 2008 NLO (68% c.l.) sets [292] are used, relevant to four or five active
flavours, depending on the flavour scheme employed in the simulation. PDF uncertainties are
estimated according to the asymmetric-hessian prescription provided by the PDF set, and obtained
automatically as in explained in [432]. They are shown as a light band in the plots of the section.
The value and the running of the strong coupling constant αS are as well set according to the PDF
set.

– Whenever relevant, photons are isolated by means of the Frixione smooth-cone criterion [290],
with parameters R0 = 0.4, pT (γ) > 20 GeV, εγ = n = 1.

45Editor: P. Torrielli
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14.1 Production of multiple gauge bosons
Production processes featuring many gauge bosons in the final state are important for diverse reasons.
On one hand they are backgrounds in many searches for BSM signals, characterised by multi-lepton
signatures, with or without missing transverse energy (like for example SUSY [469] and extra dimensions
[470]), or in searches for SM signals like V H , see for example [471]. On the other hand, and even more
importantly, viewed themselves as signals they provide key tests of the SM, in that they are particularly
sensitive to the gauge structure of its interactions.

In the SM, the couplings for triple and quadruple gauge-boson vertices are fixed as a consequence
of its non-abelian gauge symmetry. Possible new physics in the gauge sector can be parametrised in
a model-independent way through a set of higher-dimension operators involving gauge vectors, see for
example [472–474]

L = LSM +
∑

i

ci
Λ2
O3V,i +

∑

j

fj
Λ4
O4V,j + · · · , (84)

giving rise to anomalous triple gauge couplings, (a)TGC’s, anomalous quartic gauge couplings,
(a)QGC’s, and so on. The presence of anomalous couplings results in modified rates and spectra for
multi-boson production processes, which are thus an ideal ground to set constraints on the gauge inter-
actions of BSM models and on the scale Λ of possible new physics.

Process σNLO(8 TeV) [fb] σNLO(100 TeV) [fb] ρ

pp → W+W−W± (4FS) 8.73 · 101 +6%
−4%

+2%
−2% 4.25 · 103 +9%

−9%
+1%
−1% 49

pp → W+W−Z (4FS) 6.41 · 101 +7%
−5%

+2%
−2% 4.01 · 103 +9%

−9%
+1%
−1% 63

pp → W±ZZ 2.16 · 101 +7%
−6%

+2%
−2% 1.36 · 103 +10%

−10%
+1%
−1% 63

pp → ZZZ 5.97 · 100 +3%
−3%

+2%
−2% 2.55 · 102 +5%

−7%
+2%
−1% 43

pp → W+W−W±Z (4FS) 3.48 · 10−1 +8%
−7%

+2%
−2% 5.95 · 101 +7%

−7%
+1%
−1% 171

pp → W+W−W+W− (4FS) 3.01 · 10−1 +7%
−6%

+2%
−2% 4.11 · 101 +7%

−6%
+1%
−1% 137

pp → W+W−ZZ (4FS) 2.01 · 10−1 +7%
−6%

+2%
−2% 3.34 · 101 +6%

−6%
+1%
−1% 166

pp → W±ZZZ 3.40 · 10−2 +10%
−8%

+2%
−2% 7.06 · 100 +8%

−7%
+1%
−1% 208

pp → ZZZZ 8.72 · 10−3 +4%
−4%

+3%
−2% 8.05 · 10−1 +4%

−4%
+2%
−1% 92

pp → ZZZZZ 1.07 · 10−5 +5%
−4%

+3%
−2% 2.04 · 10−3 +3%

−3%
+2%
−1% 191

Table 58: Production of multiple vector bosons at NLO in QCD at 8 and 100 TeV from Ref. [411]. The
rightmost column reports the ratio ρ of 100-TeV to 8-TeV cross sections. Theoretical uncertainties are
due to scale and PDF variations, respectively.

In the first two sections of Table 58 and in Fig. 171 [411], sample cross sections are reported for the
production of up to four undecayed electroweak vector bosons. Three-boson final states are abundantly
produced at 100 TeV, and final states with four bosons are in principle observable even upon including
branching ratios for the best leptonic decays of each boson.

The addition of a gauge boson brings production rates down typically by a factor of the order of,
or slightly larger than α, compatibly with the perturbative counting [475], and with the fact that an extra
massive particle in the final state constrains the scattering to a region of larger Bjorken-x, suppressing
the cross section. The rate increase ρ from 8 to 100 TeV ranges from few tens to few hundreds, with
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Fig. 171: NLO total cross section for production of three (left panel) and four (right panel) electroweak
bosons, as a function of the hadronic-collider centre-of-mass energy.

larger values for larger multiplicities. It is relatively mild, owing to the fact that all of these channels
proceed through qq̄ scattering. Theoretical uncertainties on the total cross sections, stemming from
renormalisation/factorisation-scale variations and from PDFs, range between 5% and 10%.

Three-boson production is crucial to probe aQGC’s. Although these couplings involve compli-
cated topologies, featuring more bosons in the final state with respect to aTGC’s, the information they
carry is not a mere replica of the one contained in the latter. In some cases [473, 476], the exchange of
heavy bosons can contribute at tree level to four-boson couplings while giving only a suppressed one-
loop contribution to triple-boson vertices. In such scenarios, only QCG’s would significantly deviate
from the SM expectation, and could result mandatory to probe new physics. Moreover, in case aTCG’s
are observed at a 100-TeV machine, the measurement of aQCG’s will acquire an even more relevant role,
as capable of providing complementary insight about the strength, structure, and scale of new-physics
forces.

A particularly interesting channel in this respect is W±W±W∓, which has the largest cross sec-
tion among the triple-boson reactions, as displayed in Table 58 and Fig. 171. At 100 TeV the sensitivity to
the dimension-8 operator fT0/Λ

4Tr[ŴµνŴ
µν ]Tr[ŴαβŴ

αβ] increases by a factor of 300 with respect to
LHC-8, and of 25 with respect to LHC-14, assuming a common luminosity of 3000 fb−1 [477,478]. The
enhancement in sensitivity at 100 TeV is affected by the application of a unitarity-violation bound [477],
which indicates that this channel is sensitive to the direct production of the heavy states integrated out
in the effective field theory. This is expected to hold generically for three-boson production induced by
dimension-8 operators, where the growth of the rate with energy is more rapid than with dimension-6
operators.

Four-boson production can in principle constrain yet higher-order (quintic, in this case) anomalous
couplings, on top of carrying further complementary information on aTCG’s and aQCG’s. Production
rates at 100 TeV range from few units to few tens of femtobarns. The sensitivity of the various channels
has to be carefully assessed after inclusion of branching ratios for the bosons. In this respect, reactions
with one or more photons in the final state could be useful if they have sufficient rate after selection cuts,
as they are less affected by BR’s.

Five-boson final states, of which an example is reported in the third section of Table 58, will be
inaccessible at 100 TeV under the assumption of SM couplings, even with O(10) ab−1 luminosity, as
they feature sub-femtobarn cross section.
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14.2 Multi-top and top-vector-boson associated production
Processes with many top pairs, and associated top-pair vector-boson productions offer another remark-
able set of tests of the structure of SM interactions, and of the mechanism of electroweak-symmetry
breaking. The top quark plays a special role in this programme, as its large mass and its quantum num-
bers allow it to couple significantly with all of the bosons in the theory, hence to connect the interactions
of different sectors. The accurate measurement and understanding of its properties is moreover believed
to be an important mean to indirectly probe possible BSM physics, in case new states elude direct detec-
tion [338], owing to the closeness of its mass to the electroweak scale.

The cross sections for the production of two top-antitop pairs at 100 TeV is detailed in the first
section of Table 59. Its very sizable growth ρ with the collider energy is due to the fact that this reaction
predominantly proceeds through gg scattering [412], with a gluon PDF growing much faster than the
quark ones at small x. Theoretical uncertainties are quite large, of the order of±25% at 100 TeV, mainly
due to the presence of four powers of αS at the LO. The PDF uncertainty is reduced at 100 TeV, again due
to the gluon PDF being probed at much smaller x than at 8 TeV. The study of this final state is interesting
at hadron colliders as a probe of the nature of EWSB, see e.g. [479], and of many BSM models with
modified symmetry-breaking sectors [480].

The final state with three top-antitop pairs has a cross section of the order of 1 fb at 100 TeV [481],
hence, taking branching ratios into account, it cannot be seen directly with the luminosities usually as-
sumed. The absence of the observation of this signal, which is also enhanced in many BSM scenarios
with top partners, see e.g. [482], can be used to constrain the parameter space of these models, as nowa-
days is done with two top-antitop pairs at the LHC [483].

The second part of Table 59 reports cross sections for tt̄V production, with V = W±, Z. Viewed
as signals, these channels are interesting in their own right as excellent tests for the SM, probing top
couplings to the gauge sector, and thus giving direct insights on the mechanism of symmetry breaking.
On the other hand, they are prominent backgrounds for many BSM signals, on top of playing an important
role in tt̄H searches [412] in case of multi-lepton signatures.

The rates for these processes make them well visible at 100 TeV. A comparison between these
cross sections and those in Table 58 for multiple gauge-boson production shows [475] that top-quark
processes at 100 TeV will provide the dominant source of multi-W and thus multi-lepton final states,
since each top gives rise to a W through its decay. This will have important implications for the search
of new-physics signals characterised by the presence of many gauge bosons or leptons from the decay of
the new heavy particles.

The larger growth ρ for the neutral channel tt̄Z with respect to tt̄W± is again driven by the
fact that the former proceeds through gg as opposed to qq̄ (see [412] for details). The absence of the
gg contribution, although disadvantageous in terms of total number of expected events, makes tt̄W±

particularly interesting as a handle to constrain new physics through asymmetry and polarisation effects
[413]: charge asymmetry between t and t̄ is significantly enhanced in tt̄W± with respect to inclusive tt̄
production, and the final-state products display very asymmetric rapidity distributions, induced by the
W acting as a polariser of the initial state. In this respect, a 100 TeV energy will be highly beneficial,
allowing to reach few-percent statistical precision for these asymmetries (down to 3% for a luminosity
of 3000 fb−1, compared to 14% at the LHC-14 [413]), that could thus become precision measurements
of the properties of QCD and powerful discriminators of BSM models.

The tt̄Z channel is also interesting for various reasons. The weak electric and magnetic dipole
moments of tZ interactions are an excellent probe of new physics given their small SM values [462]. For
this purpose, the large rate at 100 TeV will improve the constraints on these moments by a factor of 3 to
10 compared to the LHC, at 3000 fb−1. Moreover the tt̄Z channel can be exploited to measure the top
Yukawa coupling yt down to 1% accuracy at 100 TeV, through the ratio σ(tt̄H)/σ(tt̄Z) [484].

The third part of Table 59 details the rates for tt̄V V production at NLO in QCD [411, 412, 428].
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The rate growth with collider energy follows the expected pattern, with the neutral channels, gg-
dominated, displaying larger ρ with respect to ttW±Z. Theoretical uncertainties for these channels
(as well as for tt̄V ) are under better control with respect to tt̄tt̄, due to the presence of only two powers
of the strong coupling at the LO. These processes, elusive at the LHC, will be accessible at 100 TeV,
having cross sections in the 102 to 103 fb range. Exploiting asymmetry and polarisation effects to probe
new physics is possible for this category as well [412], but the potential of this kind of observables for a
100-TeV collider still needs to be studied in detail.

Process σNLO(8 TeV) [fb] σNLO(100 TeV) [fb] ρ

pp → tt̄tt̄ 1.71 · 100 +25%
−26%

+8%
−8% 4.93 · 103 +25%

−21%
+2%
−2% 2883

pp → tt̄Z 1.99 · 102 +10%
−12%

+3%
−3% 5.63 · 104 +9%

−10%
+1%
−1% 282

pp → tt̄W± 2.05 · 102 +9%
−10%

+2%
−2% 1.68 · 104 +18%

−16%
+1%
−1% 82

pp → tt̄W+W− (4FS) 2.27 · 100 +11%
−13%

+3%
−3% 1.10 · 103 +9%

−9%
+1%
−1% 486

pp → tt̄W±Z 9.71 · 10−1 +10%
−11%

+3%
−2% 1.68 · 102 +16%

−13%
+1%
−1% 173

pp → tt̄ZZ 4.47 · 10−1 +8%
−10%

+3%
−2% 1.58 · 102 +15%

−12%
+1%
−1% 353

Table 59: Production of two top-antitop pairs, and of a top-antitop pair in association with up to two
electroweak vector bosons at 8 and 100 TeV [411, 412]. The rightmost column reports the ratio ρ of
the 100-TeV to the 8-TeV cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Production of tt̄tt̄ is with the setup of Ref. [412].

14.3 Multi Higgs boson production by gluon fusion and VBF
Processes featuring many Higgs bosons in the final state are of the utmost importance at colliders, as
they offer direct information about Higgs self-interactions, which at present have not been observed
at the LHC. These processes offer a unique handle on the nature of the Higgs potential, with crucial
implications not only for SM and BSM phenomenology, but also for more fundamental questions like
the origin of electroweak-symmetry breaking and the stability of the vacuum [485].

In the SM the Higgs potential is

V (H) =
1

2
m2
HH

2 + λ3HvH
3 +

1

4
λ4HH

4,

with triple and quadruple Higgs couplings equal to each other and predicted in terms of the Higgs mass
and VEV, λ3H = λ4H ≡ λSM = m2

H/2v
2; measurement of multi-Higgs final states is thus the most direct

way to confirm or disprove this prediction, and for example to provide information about the possible
existence of a richer scalar sector, featuring additional scalar fields.

The dominant production mechanisms of a Higgs pair in the SM are displayed in Table 60 and in
Fig. 173 [486], where the total rate at the NLO in QCD is shown as a function of the hadron-collider
energy. The dominant channel is gluon fusion, as it is for single Higgs, followed by VBF, with a cross
section smaller by more than an order of magnitude.

The cross section for gluon fusion is in excess of 1.5 pb at 100 TeV, see for example [487–489].
This rate is expected to provide a clear signal in theHH → (bb̄)(γγ) channel and to allow determination
of λ3H with an accuracy of 30−40% with a luminosity of 3 ab−1, and of 5−10% with a luminosity of 30
ab−1 [490–492]. A rare decay channel which is potentially interesting is HH → (bb̄)(ZZ)→ (bb̄)(4l),
with a few expected signal events against O(10) background events at 3 ab−1 [493].
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Fig. 172: NLO total cross section for production of a top-antitop pair in association with up to two
electroweak bosons [411].

Process σNLO(100 TeV) [fb]
pp → HH 1.23 · 103 +14%

−14%
+1%
−2%

pp → tt̄HH 8.62 · 101 +7%
−7%

+1%
−1%

pp → jjHH (VBF) 8.09 · 101 +1%
−1%

+2%
−2%

pp → W±HH 8.09 · 100 +2%
−3%

+2%
−1%

pp → ZHH 5.46 · 100 +2%
−4%

+2%
−1%

pp → tjHH 4.58 · 100 +8%
−8%

+0%
−1%

Table 60: NLO total cross section for the dominant production channels of a Higgs pair at 100 TeV [486].

Given the similarity of single- and double-Higgs production mechanisms, the cross-section ratio
σ(gg → HH)/σ(gg → H) has been advocated [494] as a good observable to constrain λ3H at the
LHC, being more theoretically stable than the cross section itself. The similarity of these two processes
renders double-Higgs production also a good tool to lift the degeneracy in the parameter space of Higgs
anomalous couplings that currently affects the precise measurement of gg → H [491, 495]. The consid-
erations at the basis of these statements are expected to be largely independent of collider energy, making
gg → HH a golden channel for precision Higgs physics at 100 TeV.

Vector-boson fusion is the second production mechanism for Higgs pairs, as well as for single
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Fig. 173: NLO total cross section for the dominant production channels of a Higgs pair [486].

Higgs. The relevance of this channel is twofold: on one side, it provides an independent way to constrain
λ3H ; on the other hand, it is the main channel that is sensitive to the Higgs-gauge couplingsW+W−HH
and ZZHH . The cross section for this process, computed up to NNLO in QCD, is 80 fb at 100 TeV
[496]. Despite the smaller cross section (by a factor of roughly 20) with respect to gluon fusion, VBF
has a clear experimental signature, with the Higgs pair produced at central rapidity and two hard jets in
the forward/backward region, hence it makes background reduction feasible. Moreover, its sensitivity to
λ3H is quite high, so that a deviation of this coupling from its SM value can significantly enhance the
VBF cross section (see for example Fig. 5 of [496]).

The cross sections for triple-Higgs production processes are obviously much smaller than those for
double-Higgs production, both due to the presence of an extra weak coupling, and to the fact that an extra
massive particle implies larger x. The gluon-fusion channel is again the dominant one, but compatibly
with what just outlined, its cross section at 100 TeV is of the order of 5 fb [487], i.e. more than 300
times smaller than double-Higgs production, which makes it a challenging process. This channel is
in principle sensitive to both triple and quadruple Higgs self interactions, but the contribution from the
triangle diagrams, the ones featuring λ4H , is particularly small [487]: the production rate indeed depends
very mildly on the quartic coupling, with a variation of only ±10% upon varying the quartic in the range
[0,m2

H/v
2], and assuming λ3H = λSM [497]. The extraction of λ4H from triple-Higgs production is

thus unlikely at 100 TeV. The HHH → (bb̄)(bb̄)(γγ) decay channel could in principle be exploited to
constrain a dimension-6 operator c6λSMH

6/Λ2, but it turns out to be effective only in a possible high-
luminosity phase (of the order of 30 ab−1) of the 100-TeV collider [497].
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14.4 Multi Higgs boson production in association with top quarks or gauge bosons
Associated production of a Higgs pair with a top-antitop pair or with a vector boson are the main sub-
dominant double-Higgs production channels. Inspection of Fig. 173 [486] shows that while at the LHC
the cross sections for these three channels are of the same order (within a factor of two), at 100 TeV
tt̄HH production grows roughly ten times more than V HH , since it proceeds through gg. This fact
causes its cross section to be very close to (or even slightly larger than) that for VBF, roughly 85 fb.
Detailed analyses [498, 499] show that this channel can provide significant statistical power to increase
the sensitivity to λ3H , and that the presence of the top pair is crucial for a substantial reduction of the
backgrounds with respect to gluon fusion.

V HH processes are also relevant for the determination of λ3H . Studies of these channels show
a good sensitivity to λ3H already at the HL-LHC [500], and the cross-section increase, which is modest
with respect to tt̄HH but still of a factor of roughly 40 from 8 to 100 TeV, should further extend their
potential, especially in a high-luminosity phase.

Production of a tjHH final state, namely a single top in association with a Higgs pair, is also
potentially interesting at 100 TeV, and completes the programme for the determination of the trilinear.
While at 8 TeV its cross section is below 10−2 fb, which makes it phenomenologically irrelevant for
the present, at 100 TeV its rate grows by roughly a factor of 103 and becomes comparable to that for
V HH , see Fig. 173. This process is of interest because it has the largest sensitivity to λ3H among the
double-Higgs channels, see Fig. 3 of [486], and it may become clearly visible at 100 TeV in case the
trilinear significantly deviates from the SM expectation. In addition to that, it is sensitive to couplings to
both vector bosons and top quarks, and to their relative phases [486].
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15 Loop-induced processes46

Loop-induced processes are defined as processes that do not receive any contribution from tree-level
Feynman-diagrams. Such processes are especially relevant in the case of the SM Higgs boson, which
does not couple directly to massless partons and is therefore produced predominantly via gluon fusion,
through a loop of heavy quarks. In the case of single Higgs production, the effective theory obtained by
integrating out the top quark running in the loop provides a good approximation and the corresponding
cross-section for gg → H has been computed up to N3LO in [501]. Corrections due to finite bottom
and top quark mass effects have been computed at lower orders in [502, 503] and give rise to the largest
theoretical error at N3LO (see the Higgs Chapter of this Report for a more detailed discussion).

Because of its relevance for the measurement of the trilinear Higgs self-interaction, the case of
Higgs pair production has also been extensively studied and the NNLO inclusive cross-section in the
heavy top-quark limit was presented in [488], later supplemented by the resummation of the next-to-
next-to-leading logarithms in the threshold expansion m2

HH
ŝ → 1, where mHH the invariant mass of

the Higgs pair and ŝ the partonic center-of-mass energy. Corrections from top-quark mass effects are
expected to be large in Higgs pair production, but their exact analytic expression are still unknown at
NLO accuracy. However, the impact of these corrections on the inclusive cross-section has recently
been computed in [504], using SECDEC [505] for evaluating the analytically unknown two-loop master
integrals. Also, partial results including the exact top quark mass dependence everywhere except in the
double virtual contribution are presented in [486], while the work of [506, 507] presents the complete
top-quark mass effects in an expansion up to terms of O( 1

m8
t
).

For many final states, the gluon-initiated loop-induced process gg → {X} is actually a NNLO
correction to the corresponding process pp → {X} with initial state quarks. However, because of the
large gluon luminosity, the gg contribution is often non-negligible. For example, as reported in [264],
it amounts to ∼ 60% of the total NNLO correction to pp → ZZ. Furthermore, the difference in the
quark and gluon PDFs and in the production topologies often cause the kinematic dependence of the
gluon-fusion contribution to be very different from the corresponding tree-level one, so that a global
rescaling of the LO distributions is not applicable. This fact is illustrated in Fig. 174, showing the
differential distribution of the transverse momenta of bosons in the processes pp→W+W−, pp→ ZZ
and pp → ZH . The difference in shape is particularly manifest for the pp → ZH process because the
tree-level contribution, in this case, is exclusively an s-channel process.

With the extensive availability of one-loop matrix elements providers [247, 419, 508–510], the
computation of the loop-induced matrix-element is now straightforward. However, the automation of the
tools to compute inclusive cross-sections and generate events is only done in a fully automatic (and pub-
lic) way in the MADGRAPH5_AMC@NLO Monte-Carlo framework, for arbitrary loop-induced processes
at LO [511]. Except when otherwise stated, all results of this section are obtained using this framework.

15.1 Cross-sections at 100 TeV
In this section, we present the cross sections for various loop-induced SM processes involving associated
production of Higgs and gauge bosons. The calculations are performed in the four-flavour scheme with
the SM parameters described in the Table 61. Whenever relevant, photons are isolated by means of the
Frixione smooth-cone criterion [290], with parameters R0 = 0.4, pT (γ) > 20 GeV, εγ = n = 1. In the
case of the pair production of heavy boson, a technical cut of 1 GeV on the transverse momenta of the
final state bosons is applied in order to avoid the integrable singularity at pVt → 0.

The evolution of the cross-sections with the collider energy is shown in Fig. 175 for the production
of multiple Higgs (left) [512] and various di-boson production processes (right). In order to be able to
easily compare the cross-sections, they are all computed at exact LO, even for the ones of lower multi-
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gluon-fusion.
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Fig. 175: Increase of the LO cross section with the collider energy, for various loop-induced processes
with initial-state gluons.

plicity which are available in the literature at higher QCD orders; all those cross-sections are expected to
have a large NLO QCD K-factor of around two. As expected, the cross-section increases with the energy
of the collider, and it does so at about the same rate for all Higgs multiplicities. As a rule of thumb
(rather accurate at higher energies), producing an additional Higgs in the final state costs three orders of
magnitude in the production cross-section. Increasing the energy is therefore required in order to be able
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Parameter value Parameter value
αS(m2

Z) 0.13355 nlf 4
µR = µF µ̂ = HT

2
mb = yb 4.7

mt = yt 173.0 Γt 0
GF 1.16639e-05 α−1 132.507
mZ 91.188 ΓZ 2.4414

mW
MZ√

2

√
1 +

√
1− 4π√

2
α

GFM
2
Z

ΓW 2.0476

mH 125.0 ΓH 0.00638
V CKM
ij δij me± = mµ± 0.0
mτ± = yτ± 1.777 Γτ± 0.0

Table 61: SM parameters used for obtaining the results presented in table 62. Dimensionful parameters
are given in powers of GeV.

to observe multiple Higgs production processes. The case of double vector boson production processes
is different because the opening of the phase-space at larger energy is less relevant and the corresponding
factor ρ = σ100TeV

σ8TeV
is therefore smaller. The shape of the cross-section increase with the collider energy is

quite different for the processes gg → γγ and gg → Zγ because they do not receive contributions from
three-point loop diagrams.

A collection of results for the 100 TeV energy is given in Table 62.

Loop Induced Process σLO(100 TeV) [fb] Loop Induced Process σLO(100 TeV) [fb]

gg → H 2.21 · 10+5 +58%
−39%

+1%
−1% gg → HZ 2.50 · 10+3 +35%

−26%
+1%
−1%

gg → Hj 2.77 · 10+5 +67%
−39%

+24%
+22% gg → Hjj 2.02 · 10+5 +66%

−38%
+0%
−1%

gg → HW+W− 16.8 +31%
−23%

+8%
+6% gg → HZZ 7.29 +28%

−22%
+0%
−1%

gg → HZγ 0.279 +33%
−25%

+0%
−1% gg → Hγγ 0.374 +33%

−25%
+10%
+9%

gg → HH 7.74 · 10+2 +32%
−24%

+0%
−1% gg → HHZ 3.35 +29%

−22%
+0%
−1%

gg → HHH 2.99 +29%
−22%

+5%
+4% gg → HHHH 1.30 · 10−2 +23%

−18%
+1%
−1%

gg → W+W− 8.06 · 10+4 +48%
−33%

+31%
+29% gg → ZZ 2.92 · 10+4 +42%

−30%
+1%
−1%

gg → Zγ 1.70 · 10+4 +52%
−35%

+1%
−1% gg → γγ 4.59 · 10+5 +89%

−50%
+3%
−3%

gg → W+W−Z 4.71 · 10+2 −100%
−100%

+0%
+0% gg → ZZZ 4.00 +30%

−23%
+0%
−1%

gg → γZZ 0.13 +34%
−25%

+1%
−1% gg → Zγγ 3.42 +44%

−31%
+1%
−1%

Table 62: Cross sections for loop-induced associated production of gauge and Higgs bosons, at 100 TeV.
Theoretical uncertainties describe scale and PDF variations, respectively. The numerical integration error
is always smaller than theoretical uncertainties, and is not shown. Jets are within |η| < 5 and have
pT > 20 GeV. For pp→ HV jj, furthermore, m(jj) > 100 GeV.
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16 Electroweak corrections47

The electroweak coupling constant α is more than a factor of 10 smaller than the QCD coupling con-
stant αs, and therefore perturbative corrections from QCD are typically much larger than those from
electroweak effects. From the size of the coupling constants, one can expect that NLO electroweak
corrections are roughly comparable to NNLO QCD corrections. For colliders at relatively low energies
(such that the partonic center of mass energy does not exceed the electroweak scale significantly), this
scaling in general holds, but of course depends on the process under consideration.

At partonic energies which far exceed the electroweak scale, however, electroweak corrections
receive a logarithmic enhancement. For each power in the electroweak coupling constant, one finds two
powers of the logarithm

LV (s) = ln
m2
V

s
, (85)

where
√
s is the partonic center of mass of the hard collision. This implies that each order in perturbation

theory gives a factor
α

4π
L2
V (s) . (86)

For a concrete example, consider the Drell-Yan process pp → `+`−, where ` denotes either an electron
or a muon. At fixed order, the electroweak corrections due to the exchanges of W and Z bosons are
given by

σNLO(s)

σLO(s)
= 1− α

4π

[
1.56L2

W (s) + 1.78L2
Z(s) + . . .

]
(87)

where we have only kept the terms enhanced by two powers of LV (s). For
√
s & 1 TeV electroweak

corrections are at the 10% level and above, and for
√
s & 10 TeV the corrections become larger than the

Born results, such that fixed order electroweak perturbation theory is expected to break down completely.

Note that the virtual corrections in the above results are infrared (IR) finite by themselves. This
is contrary to virtual corrections involving massless gauge bosons, which are IR divergent, and only
yield finite answers when they are combined with the soft and collinear radiation of real massless gauge
bosons. The reason is that the soft and collinear divergences that are present for massless gauge theories
are regulated by the masses of the vector bosons, such that both the virtual and the real radiation are
separately finite, albeit with logarithmic sensitivity to the gauge boson masses. This makes of course
physical sense; the real radiation of massive gauge bosons (even those with infinitely soft or collinear
momentum) can always be observed experimentally, such that both the virtual and real contributions
lead to experimentally observable cross sections and therefore they have to be finite by themselves. The
logarithmic sensitivity on the gauge boson masses is a consequence of the fact that in the massless limit
we have to recover the usual result where both virtual and real corrections are separately divergent.

From the above argument it of course follows that not only the virtual corrections are logarith-
mically sensitive to the masses of the gauge bosons, but the real corrections have to be as well. This
logarithmic sensitivity should cancel for completely inclusive quantities. To see this, let us consider the
process

σq1q2 ≡
∑

l1,l2

σq1q2→l1l2 +
∑

l1,l2,V

σq1q2→l1l2V . (88)

To double logarithmic accuracy for the NLO correction δσq1q2 one finds

δσuū(s) = δσdd̄(s) = −δσud̄(s) = −δσdū(s) . (89)

47Editor: F. Piccinini
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Thus, if we sum over the flavors of the initial state on top of the flavor of the final state (thus calculating
a completely inclusive quantity), all double logarithms cancel

δσ ≡
∑

q1,q2

δσq1q2 = 0 +O
( α

4π

)
. (90)

The result of Eq. (90) is of course the result of the KLN theorem, which states that all IR sensitivity will
cancel in completely inclusive observables. However, the sum over initial states as performed in Eq. (90)
is of course not possible for a hadron collider, since each cross-section is weighted by their parton lumi-
nosities which are not equal to one another. This gives the important result that at a hadron collider the
logarithmic sensitivity on the gauge boson masses do not cancel, even for completely inclusive observ-
ables. This can be understood easily by noting that the protons in the initial state are not singlets under
the SU(2) gauge group, such that the initial state breaks the inclusivity of the observable.

The fixed order results can be calculated using standard techniques for NLO calculations, however
the presence of several mass scales means that the required calculations are typically more difficult than
the corresponding calculation for massless gauge theories such as QCD. Much effort has been put into
understanding the electroweak logarithms arising from virtual corrections [513–537] and the structure of
the logarithmic terms at one and two loops was derived for a general process in Refs. [525,529] and [530–
532,536], respectively. The issue of real weak boson emission has been addressed in Refs. [68,207,522,
523,527,528,538–544] and, on a more phenomenological ground, in Refs. [207,209,426,428,545–548].
Since as discussed the logarithmic terms dominate over the terms not logarithmically enhanced, this
general result provides a good approximation to the exact NLO corrections at sufficiently high partonic
center of mass energies. This approximation is often called the Sudakov log approximation.

The resummation of the logarithmic terms that arise in the virtual exchanges ofW and Z has been
the subject of a considerable amount of work over the past decade [515, 520–522, 525, 529, 530, 533,
535, 549–558]. In [533, 535] a completely general method to resum these logarithms for an arbitrary
process was developed, using soft-collinear effective theory [559–562]. The resummation of the real
radiation has so far not received much attention yet, even though the large logarithms originating from
the real radiation are by the KLN theorem as large as those resulting from virtual exchanges. In a recent
paper [544], it was shown how to resum the double logarithmic corrections from the real radiation of W
and Z bosons.

From the above discussion it is clear that a real paradigm shift is happening with regards to elec-
troweak corrections when partonic center of mass energies exceed a few TeV, which can easily happen
at a future 100 TeV machine. Thus, at such a machine, electroweak corrections are much more important
than at current colliders. While at past and current colliders electroweak corrections were usually com-
puted to obtain high precision for a few observables, electroweak corrections at a 100 TeV collider are
required even to get rough estimates of the expected cross-sections at the highest available phase space
corners. Furthermore, at high enough center of mass energies, not only are the electroweak corrections
required at fixed order accuracy, but the leading logarithms need to be resummed.

In this section we give a brief account of the available tools and algorithms for the calculation of
electroweak corrections at hadronic colliders and discuss the phenomenological impact of electroweak
corrections (at

√
s = 100 TeV) to the following benchmark Standard Model processes: Drell-Yan, weak

boson pairs (WW , WZ, WH and ZH), V+ jets, dijet production, tt̄, tt̄H and tt̄+ jets. A last section
will be devoted to the issue of the inclusion of real radiation.

16.1 Tools
In the past exact NLO corrections have been calculated and implemented in simulation tools for a limited
class of hadronic collision processes. In particular for charged and neutral Drell-Yan, the most important
processes for the precision physics program of Tevatron and LHC, a number of dedicated codes have
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been developed, such as HORACE [563, 564], RADY [565–567], SANC [568, 569], WGRAD [570],
WINHAC [571, 572] and ZGRAD [573]. In particular SANC also includes NLO QCD corrections,
while HORACE includes the effect of all order photon radiation properly matched to the O(α) correc-
tions. NLO EW corrections are added to the O(α2

S) ones in the FEWZ code [574], while factorized
NLO EW and NLO QCD corrections to the single W and Z production matched with QED and QCD
parton shower have been implemented in the POWHEG-BOX Monte Carlo event generator [575–577].

The large center of mass energy and the high luminosity of LHC run II and beyond will require
the inclusion of at leastO(α) corrections in theoretical predictions for several processes, as documented,
for example, in the Les Houches wish-list in Tables 1-3 of Ref. [578].

Besides Drell Yan processes, full one loop electroweak (EW) corrections have been calculated
also for V + 1 jet (V = Z, W , γ) [579–582], dilepton+jets [204, 583, 584], single top [585–587],
tt [588–594], dijet [206, 208, 595], Z/W + H [596, 597] (including the Z/W decay products), H pro-
duction in vector boson fusion [598, 599], V V ′ (with on-shell vector bosons or in pole approxima-
tion) [66,600–604], WW + 1 jet [605], WZZ [606], WWZ [607], Wγ production [608], Zγ produc-
tion [609] tt+H [426,427]. All these calculations have been carried out on a process-by-process basis. In
the QCD sector, during last ten years we have witnessed the so called “NLO revolution”: several groups
succeeded in building new codes able to calculate NLO QCD corrections in a completely automatic
way, such as BLACKHAT [215], GOSAM [247, 248], HELAC-NLO [610], MADLOOP [419]/ MAD-
GRAPH/MADGRAPH5_AMC@NLO [64, 323], NJET [373], OPENLOOPS [510] and RECOLA [611].
In various cases the automation of hadron collider simulations is realised in combination with the Sherpa
Monte Carlo [102]. These developments towards the automatic computation of NLO QCD corrections
allowed recent progress in the calculation of NLO EW corrections, despite the difficulties of virtual EW
corrections, mainly due to the presence of several mass scales and of unstable particles in the loops,
as well as of the chiral structure of electroweak interactions. For a recent review on these items see
Ref. [612]. With these automatic algorithms, exactO(α) corrections toZ(→ ll)+2 jets [613],W+n jets
(n ≤ 3) [614], W + n/Z + n jets (n ≤ 2 including off-shell vector boson decays and matching with
Parton Shower) [615], tt + H/Z/W [426, 428] and µ+µ−e+e− [616] have been computed for the first
time.

As far as only the Sudakov regime is concerned, the universality of the infrared limit of weak
corrections can be exploited to develop general algorithms for the calculation of the EW corrections in
the logarithmic approximation [515, 525, 529, 535]. Following this approach, the Sudakov corrections
to diboson [600, 617–619], vector boson plus one [620] or several jets [547], tt+jets [558], H [621, 622]
and H+jet [619] production have been computed pointing out further the phenomenological impact of
the EW corrections at high energies. Order α corrections to dijet, Drell-Yan and tt production have been
recently included in the MCFM Monte Carlo program [623]: both the Sudakov approximation and the
full one loop corrections have been implemented in order to provide a tool for the fast evaluation of the
approximated O(α) corrections that also allows to asses the validity of the approximated results [624].
Following the work presented in Ref. [547], the algorithm for double and single logs has been imple-
mented in the ALPGEN [625] LO matrix element event generator, for the processes V+ multijets, QCD
multijet and heavy flavour plus jets.

16.2 Drell-Yan
We consider the processes pp → W+,∗ → µ+νµ + (X) and pp → γ∗/Z∗ → µ+µ− + (X), at the c.m.
energy

√
s = 100 TeV and using the NNPDF 2.3QED PDF set [53] with factorization/renormalization

scale µ = M(¯̀̀ (′)γ). We applied the following acceptance cuts:

pµ⊥, p
ν
⊥ ≥ 25 GeV , |ηµ| ≤ 2.5 . (91)

Muons are considered “bare" (i.e. without photon recombination). In order to focus on the high energy
dynamics, we further impose the additional cut on the transverse mass MT ≥ 5 TeV, where MT is
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defined as MT =
√

2p`⊥p
ν
⊥(1− cosφ) (with φ the angle between lepton and neutrino in the transverse

plane), for the charged Drell-Yan process and M(`+`−) ≥ 5 TeV for the neutral current process.

The results, with NLO accuracy in the electroweak coupling, have been obtained with the code
HORACE [563, 564] using the Gµ scheme and the following input parameters

Gµ = 1.1663787 10−5 GeV−2 MW = 80.385 GeV MZ = 91.1876 GeV
ΓW = 2.4952 GeV sin2 θW = 1−M2

W /M
2
Z MHiggs = 125 GeV

me = 510.998928 KeV mµ = 105.6583715 MeV mτ = 1.77682 GeV
mu = 69.83 MeV mc = 1.2 GeV mt = 173 GeV
md = 69.83 MeV ms = 150 MeV mb = 4.6 GeV
Vud = 0.975 Vus = 0.222 Vub = 0
Vcd = 0.222 Vcs = 0.975 Vcb = 0
Vtd = 0 Vts = 0 Vtb = 1

For the coupling of external photons to charged particles needed for the evaluation of photonic correc-
tions we use α = α(0) = 1/137.03599911 and αs(µ) from the PDF set.

In Fig. 176 we present the integrated transverse mass MT and charged lepton transverse momen-
tum p`⊥ (integrated) distributions in the window [5−25] TeV. The effects of the NLO EW corrections with
respect to the LO predictions are huge and negative, exceeding 60% in absolute value for M `

⊥ ≥ 10 TeV
(red line in the lower left panel). The shaded bands around the lines give the estimate of the PDF uncer-
tainty according to the NNPDF prescription, which is contained within 10% level. In the same window of
[5−25] TeV the corrections to p`⊥ are even larger, because a given bin of the p`⊥ distribution corresponds
roughly to a bin twice larger in the transverse mass distribution.

A general issue regarding EW corrections is the relevance of the inverse bremsstrahlung (also
called “gamma”-induced) processes which are a contribution to the real radiation. In fact the elementary
scattering process is γq → µ+νµq

′, whose amplitude can be obtained by crossing symmetry from the
standard real radiation amplitude qq̄′ → µ+νµγ. These contributions have been discussed in the liter-
ature [564, 567, 626, 627], with particular reference to LHC. An essential ingredient is the photon PDF,
which is discussed in Section 2. At present it is affected by very large uncertainties, which blow up at
large energy scales. However, in the future, these uncertainties will be constrained by LHC data. For the
transverse mass, Fig. 176, left panel, blue line, the central value of the inverse bremsstrahlung contribu-
tion is positive, at the % level up to 10 TeV and increases up to values of around 10% at 25 TeV. These
effects should be considered with caution because of the above mentioned large uncertainties. In fact
for p`⊥ not only the uncertainty but also the central value blows up. For comparison, we have included
also the effect of higher order photonic corrections (violet line) 48, which are positive and become of the
order of 10% at scales of the order of 20 TeV. In Fig. 177, left panel, we show the effects of the same
higher order contributions discussed above for the integrated lepton pseudorapidity distribution, where
no particular shape is present except for the overall normalization effects.

In Fig. 177, right panel, and Figs. 178 and 179 we plot the predictions for the neutral Drell Yan
process pp → γ∗/Z∗ → µ+µ− + (X). In particular, Fig. 177, right panel, displays the invariant mass
Mµ+µ− integrated distribution, while Fig. 178 contains the leading (left panel) and softest (right panel)
lepton transverse momentum integrated distribution. For the invariant mass the NLO EW corrections are
slightly smaller than for the charged Drell Yan case: they reach the size of 60% at scales above 20 TeV.
The corrections are of the same order for the leading lepton transverse momentum, while they are larger
for the softest one, as can be expected with phase space arguments.

For the neutral current Drell Yan process there is a contribution from γ-induced processes already
48In HORACE the higher order effects are included by means of a proper matching between fixed order calculation and all

orders Parton Shower. Other approaches can be adopted for the simulation of higher order photonic corrections, such as, for
instance, the YFS formalism used in Refs. [628–631].
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Fig. 176: Left: the distribution of the transverse mass for W+ production. Right: the distribution of the
charged lepton transverse momentum. The black lines represent the LO predictions, the red lines give the
NLO EW predictions, the violet lines include also higher order photonic corrections and the blue lines
include the contribution of the γ-induced processes, in addition to the NLO EW corrections. The lower
panels contain the relative deviations of the various levels of approximation with respect to the tree-level
predictions.

at tree level, i.e. from γγ → µ+µ−. For the considered observables, we plot separately the LO prediction
including/excluding (green/black lines) the tree-level γγ → µ+µ− contribution and the NLO prediction
with and without (blue and red lines, respectively) γ-induced contributions. The blue lines include both
the tree-level and the radiative γ-induced processes. As can be seen in Figs. 177, 178, 179 the largest
effects come from the tree-level γγ → µ+µ− process, ranging from few % atM`+`− = 5 TeV to a factor
of two at M`+`− = 20 TeV. The effects of the radiative γ-induced processes can be inferred by looking
at the difference between the blue and red lines of the lower panels. They are positive and moderate in
size, reaching about 50% at scales above 20 TeV. However, given the very large uncertainties of photon
PDF’s, all the predictions involving γ-induced processes should be taken with caution.

In summary, the effects of the EW NLO corrections on Drell-Yan processes at a future hadron
collider at 100 TeV are very large, spoiling the stability of fixed order perturbative calculations and
calling for resummed approaches, in order to obtain reliable predictions. The inverse bremsstrahlung
processes could have a relevant impact, even if at present it is difficult to put on a quantitative ground.
To this aim, reliable photon PDF’s would be necessary, which will be available after the scheduled LHC
runs.

16.3 Gauge boson pairs and Higgsstrahlung
In the present section we focus on the EW and QCD corrections to the diboson production at the FCC
at 100 TeV. In particular, we discuss the impact of NLO QCD and EW corrections to the processes
V V ′ (i.e. W+W−, ZW± and ZZ) and HV (V = W±, Z) computed by means of the automated tool
MADGRAPH5_AMC@NLO [64] and a currently private extension that allows to calculate NLO QCD
and EW corrections [426, 428]. We work in the Gµ scheme with:

Gµ = 1.16639 10−5 GeV−2, MW = 80.385 GeV, MZ = 91.188 GeV, (92)

the top quark and Higgs boson masses being set to 173.3 GeV and 125 GeV, respectively. We use the
NNPDF 2.3QED PDF set [53] with the following factorization and renormalization scales:

µF = µR = µ =
HT

2
, HT =

∑

i

√
m2
i + p2

T, i, (93)
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Fig. 177: Left: the distribution of the lepton pseudorapidity forW+ production. The meaning of the lines
is the same as for Fig. 176. Right: the distribution of the invariant mass for `+`− production. In the right
panel the black line represents the LO predictions while the green line includes the LO O(α3)γ-induced
process. The red line shows the EW NLO predictions while the blue line includes the NLO O(α3)γ-
induced processes (both tree-level and radiative diagrams). In the lower panel the green line is the relative
deviation of the LO prediction including the tree-level γγ → µ+µ− process with respect to the pure LO.
The red line gives the size of the EW NLO corrections excluding γ-induced processes; the blue line
quantifies the deviation of the complete EW NLO corrections (including all γ-induced processes) with
respect to the the LO order predictions which include the tree-level γγ → µ+µ− process.
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Fig. 178: The distribution of the leading (left) and softest (right) lepton pt for `+`− production. The
meaning of the lines is the same as in Fig. 177, right panel.

where the index i runs over all the final state particles. Scale uncertainties are estimated by varying
independently the scales µF and µR in the range [µ/2, 2µ]. Massive external particles are treated as
stable and no cuts are applied at the analysis level.

One loop EW corrections to V V ′ production at hadron colliders have been computed in the Su-
dakov approximation in Refs. [617–619], while the full O(α) results can be found in Refs. [66, 603] for
on-shell V and V ′ and in Refs. [602, 604, 616] including vector boson decays. Here, we show predic-
tions at NLO QCD and EW accuracy, taking into account the contribution from initial-state photons and
evaluating the corresponding PDF uncertainties, which are expected to be large.

In Fig. 180 we show predictions at NLO QCD and NLO EW accuracy for cumulative distribu-
tions in ZW− production (results for ZW+ are qualitatively identical). In the upper row we show the
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Fig. 179: The distribution of µ− (left) and µ+ (right) pseudorapidity for `+`− production. The meaning
of the lines is the same as in Fig. 177, right panel.

dependence of the cross section on a cut on the Z transverse momentum (pT (Z)). In the lower row we
show the dependence on a cut on the ZW− invariant mass (m(ZW−)). The plots on the left do not
include any contribution from the photon in the initial state, i.e., the photon PDF has been artificially set
to zero. On the contrary, the plots on the right do include these contributions. The left plots allow to
better identify the negative contributions due to the Sudakov logarithms and disentangle them from those
related to photon-initiated processes (quark radiation from γq initial-states). Instead, the plots on the
right include this kind of processes and thus the comparison with those on the right is useful for estimate
the photon-induced contributions, which typically have huge PDF uncertainties and are very large with
opposite sign w.r.t the Sudakov logarithms. It is important to note that the plots on the right strongly
depend on the PDF set used and their large uncertainty are due to the currently poor determinations of
the photon PDF.

In each plot we display in the main panel LO (black), LO + NLO QCD (blue) and LO + NLO
QCD + NLO EW (red) distributions. In the first inset we show the (LO + NLO QCD)/LO ratio with scale
uncertainties (blue band), i.e. the QCD K-factor, and the (LO + NLO QCD + NLO EW)/ LO ratio (red
line). In the second inset we show only the (LO + NLO EW)/LO ratio without NLO QCD contributions,
but including the PDF uncertainties for the numerator in order to enlighten the qualitative difference for
the EW corrections in the cases with (right) and without (left) photons in the initial state. As can be
seen in the left plots, the effect of Sudakov logarithms is very large; for pT (Z) > 5 TeV the NLO EW
corrections are ∼ −80% of the LO, while for m(ZW−) > 8 TeV they are ∼ −20%. The origin of
the huge K-factor in the QCD corrections has already been studied in the literature [310, 311]. At LO
a hard Z has to recoil against a hard W−, while at NLO QCD the dominant kinematic configuration
is given by a hard Z recoiling against a hard jet and a soft W . In the case of quark radiation, this
kinematical configurations involve corrections ∼ αs log2(pT (Z)/mW ) that are further enhanced by the
large gluon PDF luminosity at the 100 TeV collider. 49 A similar dynamic is present also in the photon-
initiated corrections (left plots), where a correction∼ α log2(pT (Z)/mW ) is present for the same reason
[66]. However, on top of that, the photon in the initial state can also directly couple to the W boson
originating new t-channel configurations, which on the contrary are not present in NLO QCD. This effect
compensates the suppression due to the α coupling and explains also why photon-induced contributions,
at variance to NLO QCD corrections, are large and strongly depend also on the m(ZW−) cut; if no
rapidity cuts are applied t-channel configurations are much less suppressed at high invariant masses
w.r.t s-channel ones. These photon-induced contributions strongly depend on the PDF set employed

49Similar arguments are present for the pT (tt̄) in NLO QCD corrections in tt̄V production and are discussed in some details
in Section 12.1 of this report.
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Fig. 180: Cumulative distributions for ZW− production at NLO QCD and NLO EW accuracy. The
upper plots show the dependence of the total cross sections on a cut on the pT (Z), the lower ones on a
cut on the m(ZW−). The plots on the left do not include contribution from photons in the initial state;
they are included in the right plots. See text for further details.

and, in the case of the NNPDF 2.3QED used here, they have large uncertainties. Moreover it is clear
that a possible jet-veto, as in LHC analyses, would not only decrease the NLO QCD K-factor and its
dependence on pT (Z), but it would also strongly suppress the large photon-initiated contribution.

In Fig. 181 we show similar cumulative distributions for W+W− production. In this case we
show only results with the photon PDF set equal to zero. However, W+W− production receives contri-
bution from initial-state photons already at LO via the γγ initial states and their impact on m(W−W−)
distributions is discussed in Section 2.5 and shown in Fig. 17. As can be seen in Fig. 181 NLO QCD
corrections shows the typical behaviour of V V ′ production, with a large dependence on the pT of the
vector boson. The NLO EW corrections involve very large Sudakov logarithms that are∼ −120% of the
LO at pT (W+) > 5 TeV and thus they have to be resummed.

In the case of ZZ production, which we do not show here, NLO QCD and NLO EW corrections
are qualitatively similar to the ZW± and W+W− production. However, since the photon cannot di-
rectly couple to the Z boson, no new t-channel is created for γq initial state and, as consequence, their
contribution is relatively much smaller w.r.t the case of ZW± and W+W− production.
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Fig. 181: Cumulative distributions for W+W− production at NLO QCD and NLO EW accuracy. Both
plots do not include contribution from photons in the initial state. The left plot shows the dependence of
the total cross sections on a cut on the pT (W+), the right one on a cut on the m(W +W−). See text for
further details.

We now turn to the case of HV production. One loop EW corrections to HV production have
been computed in Ref. [597] for on-shell V and in Ref. [596] including the off-shell decay of the vector
boson. Here, we show predictions at NLO QCD and EW accuracy, taking into account the contribution
of initial-state photons and evaluating their large PDF uncertainties.

Figure 182 is analogous to Fig. 180 and displays the corresponding quantities for HW− pro-
duction (the HW+ case is qualitatively identical). In the second insets the purple line, which is not
present only in the bottom-right plot, is the ratio (NLO EW + HBR)/LO where with HBR (Heavy-
Boson-Radiation) we denote the emission of an extra Heavy-Boson. From the comparison with the red
lines in the same insets we can notice a partial cancellation of the effects due to the Sudakov logarithms,
which also in this case are very large: ∼ −100% of the LO for pT (H) > 6 TeV and ∼ −80% for
m(HW−) > 10 TeV.

At variance with the ZW− case, neither NLO QCD and photon-initiated contributions in NLO
EW corrections contain terms proportional to log2(pT (H)/mW ). 50 However, initial-state photons can
couple directly to the W and open t-channel configuration for the HW− pair. Since at LO no t-channel
diagrams are present at all, the LO contribution is much more suppressed at high m(HW−) w.r.t. the
NLO EW, to the point that NLO EW corrections are ∼ 400 times larger than the LO for m(HW−) >
10 TeV. It is worth to notice that this estimate strongly depends on the PDF set used and on possible
additional cuts. For instance, we explicitly verified that by simply requiring |η(H)|, |η(W−)| < 4 the
NLO EW K-factor for m(HW−) > 10 TeV is reduced from ∼ 400 to ∼ 10. A possible additional
jet-veto would further suppress the photon-induced contribution.

The case of HZ production is similar to HW− production, but photons cannot couple directly to
the Z and consequently, without new t-channel production channels, no large enhancement from photon
induced processes is present for large invariant masses.

50The reason is that Hj production is not possible at the tree-level. Thus, in the real quark radiation, the limit of a W
collinear to a final-state jet cannot be decomposed into Hj production times an integrated q → q′W splitting that leads to a
log2(pT (H)/mW ) enhancement.
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Fig. 182: Cumulative distributions for HW− production at NLO QCD and NLO EW accuracy. The
upper plots show the dependence of the total cross sections on a cut on the pT (H), the lower ones on a
cut on the m(HW−). The plots on the left do not include contribution from photons in the initial state;
they are included in the right plots. See text for further details.

16.4 V + jets
The production of a vector boson V (V = Z,W, γ) in association with jets is a process of great interest
at hadron colliders and precise theoretical predictions for V+multijets are mandatory. In the literature,
the one loop weak corrections to V + 1 jet (V = Z, γ) have been computed in Refs [579–581], while
the full NLO EW corrections have been computed for the processes W + 1 jet [582], monojet [584] and
dilepton+jets production [204, 583]. Besides the exact calculations, the O(α) corrections to V + 1 jet
in the Sudakov approximation have been computed in Refs. [580, 632, 633] by means of the algorithm
of Refs. [525, 529] and in Ref. [620] in the SCET framework [535], while in Refs. [547, 634, 635]
the phenomenological impact of the O(α) corrections to Z + 2/3 jets in the Sudakov limit has been
investigated in the context of the direct searches for New Physics at the LHC and at higher energy future
colliders. More recently, the exact NLO EW and QCD corrections to the processes Z(→ l+l−) +
2 jets [613] and W + n jets (n = 1, 2, 3) [614] have been computed by means of the automated tools
RECOLA [611] and MUNICH/SHERPA+OPENLOOPS [510], respectively. The fullO(α) toW++2 jets
have also been computed in Ref. [612] in the GOSAM+MADDIPOLE framework. In Ref. [615] the NLO
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QCD and EW corrections to Z/W + 0, 1, 2 jets including the effect of off-shell vector boson decays and
multijet merging have been computed.

In this section we study the phenomenological impact of the O(α) corrections on some distribu-
tions of interest for the production of a vector boson in association with up to three jets. We work in the
Gµ scheme with input parameters:

Gµ = 1.16637 10−5 GeV−2, MW = 80.385 GeV, MZ = 91.1876 GeV. (94)

We use the PDF set NNPDF2.3QED with factorization and renormalization scale set to:

µ =
H ′T
2
, H ′T =

N jets∑

j=1

pT, j + pT, γ +
√
M2
V + p2

T, V , (95)

where pT, γ stands for the transverse momentum of the photon in the real radiation contribution (for the
exact O(α) predictions). In order to evaluate the NLO EW corrections we set the remaining as follows:

MH = 126 GeV, Mtop = 173.2 GeV, (96)

while all the light fermions are massless. We consider the following set of cuts:

pT, j ≥ 300 GeV, |ηj | ≤ 4.5, (97)

where the jets are selected according to the anti-kT algorithm [203] with R separation 0.4 for the
exact O(α) predictions, while for the calculation in the Sudakov approximation we simply require
∆Rmin(jj) ≥ 0.4, as the number of partons is fixed and no real corrections are included. The results for
γ + 1, 2, 3 jets have been obtained by imposing the additional cuts on the photon:

pT, γ ≥ 300 GeV, |ηγ | ≤ 4.5, ∆R(j − γ) > 0.4. (98)

No cuts are applied on the massive vector bosons that are treated as stable particles.

We collect in Figs. 183-185 the theoretical predictions for the production of a W+ boson in association
with one and two jets at the FCC at 100 TeV both at LO accuracy and including the effect of the full
one NLO EW and QCD corrections computed by means of the program OPENLOOPS [636] interfaced
with SHERPA [102, 223] and MUNICH [637]. In particular, we focus on the following distributions:
W boson pT , leading jet pT and the total transverse activity defined as HT =

∑
jets pT j + pT V . NLO

results are obtained by combining QCD and EW results according to the additive prescription:

σNLO
QCD+EW = σLO + δσQCD + δσEW, (99)

as well as in the factorized prescription:

σNLO
QCD×EW = σNLO

QCD

(
1 +

σNLO
EW

σLO

)
= σNLO

EW

(
1 +

σNLO
QCD

σLO

)
, (100)

taking the difference of the two results as an estimate of the uncertainty related to the missing higher
order terms. The corrections are shown normalized to the QCD NLO results: this corresponds to the
usual definition of δEW for the factorized corrections.

In Figs. 183-185 we consider only the leading O(αSα) and O(α2
Sα) terms contributing to W +

1 jet and W + 2 jets, respectively, while the NLO QCD and the NLO EW corrections to the process
of O(αmS α

n) are defined as the sum of the one loop virtual and real contribution of O(αm+1
S αn) and

O(αmS α
n+1), respectively. In particular, in the case of W + 1 jets, this implies that the real corrections

receive contributions from the interference of amplitudes of O(α3/2) with ones of O(αSα
1/2): at this
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Fig. 183: Integrated pT W distribution for W+ + 1 jet (left panel) and W+ + 2 jet (right panel) at the
FCC at 100 TeV. LO predictions (solid black lines) correspond to the leading O(αSα) and O(α2

Sα)
tree level contributions to W+ + 1 jet and W+ + 2 jets, respectively. The predictions including the
full NLO EW and QCD corrections ( MUNICH/SHERPA+OPENLOOPS) according to the additive and
to the multiplicative prescriptions correspond to the solid red and blue lines, respectively. The results
for W+ + 1 jet after imposing the veto on the dijet-like configuration correspond to dashed lines in the
left plot. Lower panels: effect of the full NLO EW and QCD corrections in both the additive and the
multiplicative prescriptions normalized to the full one loop QCD corrections.

order these mixed interference terms are finite because of color flow, but in general do not vanish in the
presence of identical quarks.

As can be seen from Figs. 183-185 , the one loop corrections to W + 2 jets are negative and large,
reaching the order of −50 % in the tails of the distributions under consideration. The same behaviour
can be observed in the NLO corrections to W + 1 jet for the pT W distribution, where the corrections
are however larger than in the case of W + 2 jets and can become of order −100 % for pT W ' 20 TeV.
The picture is different if we consider the NLO predictions for the leading pT j and the HT distributions
for W + 1 jets: in fact, the corrections become positive for pT j ' 5 TeV and HT ' 9 TeV, respectively.
The increase in the cross section results from a new kinematical configuration which is available for
W + 2 jets and has no LO counterpart: namely, the one where the leading jet pT is balanced by a second
hard jet and the vector bosons tend to be soft. This part of the cross section can be separated by applying
a veto on the events with an angular separation between the two jets larger then 3π/4 (jj-cut in the plots).
Once the veto on the dijet-like configurations is imposed on the corrections to W + 1 jet, the effects on
the leading jet pT and on the HT distributions become similar to the ones on the pT W distribution.

In Refs. [525, 529] a process independent algorithm for the computation of NLO EW corrections
in the Sudakov approximation has been developed. According to the algorithm, the O(α) corrections to
a generic process involving N external particles of flavour i1, · · · , iN in the high energy limit factorize
as follows:

δMNLL
i1···in

∣∣∣∣∣
Sudakov

=

N∑

k=1

∑

l>k

δDLkl MLO
i1···jk···jl···in +

N∑

k=1

δSLk MLO
i1···jk···in + δPRMNLL

i1···in . (101)

In Eq. (101), the radiator functions δDLkl and δSLk contain the Sudakov double and single logarithmic
contributions, respectively. They depend only on the flavour and on the kinematics of the external parti-
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Fig. 184: Integrated HT distribution for W + 1 jet (left panel) and W + 2 jet (right panel) at the FCC at
100 TeV. Same notations and conventions as in Fig. [183].
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Fig. 185: Integrated pT j distribution for the leading jet for the processes W + 1 jet (left panel) and
W + 2 jet (right panel) at the FCC at 100 TeV. Same notations and conventions as in Fig. [183].

cles. These terms multiply leading order matrix elements that are obtained from the one of the process
i1, · · · , iN under SU(2) transformations of pair or single external legs, jk being in Eq. (101) the SU(2)
transformed of the particle ik. The last term in Eq. (101) comes from parameter renormalization:

δPRMNLL
i1···in = δe

δMLO
i1···in
δe

+ δcW
δMLO

i1···in
δcW

+ δht
δMLO

i1···in
δht

+ δhH
δMLO

i1···in
δhH

, (102)

where ht = mt/MW , hH = M2
H/M

2
W and cW = MW /MZ . In Ref. [547], the algorithm of

Refs. [525, 529] has been implemented in the ALPGEN [625] event generator: the analytic expres-
sions of the process-independent radiator functions have been coded and all the required leading order
matrix elements are computed numerically by means of the ALPHA algorithm [638]. According to
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Fig. 186: Integrated pT W distribution for W + 1 jet (left panel) and W + 2 jet (right panel) at the FCC
at 100 TeV. Comparison between the the exact O(α) predictions ( MUNICH/SHERPA+OPENLOOPS)
and the ones computed in the Sudakov approximation (ALPGEN). For W + 1 jets, the MU-
NICH/SHERPA+OPENLOOPS predictions are shown both with and without the veto on the dijet-like
configurations.

Refs. [525, 529] the purely weak part of the corrections can be isolated by setting to MW the value of
the photon mass in the virtual corrections. In the following we consider only this part of the correc-
tion neglecting the QED part: this in particular means that no real radiation contribution is included
in the approximated results. The results for the weak corrections in the Sudakov limit computed by
means of the modified version of ALPGEN described above are compared to the exact O(α) predic-
tions by MUNICH/SHERPA+OPENLOOPS in Figs. 186-187: as can be seen, the approximated results
are in good agreement with the exact ones for W + 2 jets and W + 1 jet once the veto on the dijet-
like configurations is imposed. The differences between the predictions by ALPGEN and the ones by
MUNICH/SHERPA+OPENLOOPS for W + 1 jet when the veto is not imposed come from the fact that
the approximated results do not include real corrections and in particular no mixed interference terms:
these terms could however be included as separate tree level-like contributions regardless of the Sudakov
approximation. We point out, however, that in order to obtain more reliable predictions, especially at
high jet pT , it is important to include EW×QCD interference effects (which are neglected throughout in
this section) and to merge NLO QCD+EW predictions with different jet multiplicities [615].

The Sudakov approximation and the exact O(α) calculation basically agree for W+ jets. Having
assessed the validity of the logarithmic approximation, in Figs. 188-190 we show the predictions for
the NLO EW corrections in the Sudakov limit to the production of a vector boson V (Z, W+, γ) in
association with 1, 2 and 3 jets. Looking at the pT V distributions, we can notice that the corrections
in the high energy limit are negative, large and independent of the jet multiplicity. Conversely, if we
consider the pT j and HT distributions for Z/W + n jets, the corrections for n = 2 and n = 3 are
similar, while the ones for n = 1 turn out to be larger. This is a consequence of the event selection in
eq. (97) where no cuts are imposed on the massive vector bosons: as a result, while for Z/W + 1 jet the
high pT j or HT region corresponds to the kinematical configurations where the vector boson is hard,
this is no longer the case for high jet multiplicities. On the contrary, when the same cuts are imposed
on both the vector boson and on the jets, as in the case of γ+ jets production, the EW corrections are in
general weakly dependent on the jet multiplicity for all the observables under consideration. At the FCC
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Fig. 187: Integrated HT distribution for W + 1 jet (left panel) and W + 2 jet (right panel) at the FCC
at 100 TeV. Comparison between the the exact O(α) predictions ( MUNICH/SHERPA+OPENLOOPS)
and the ones computed in the Sudakov approximation (ALPGEN). For W + 1 jets, the MU-
NICH/SHERPA+OPENLOOPS predictions are shown both with and without the veto on the dijet-
like configurations. Lower plot: Comparison between the the exact O(α) predictions ( MU-
NICH/SHERPA+OPENLOOPS) and the ones computed in the Sudakov approximation (ALPGEN) for
the leading jet pT distribution.

the size of the NLO EW corrections to V+ multijet production turns out to be large, reaching the order
of −100 % for pT V around 10 TeV (with the exception of pT V which receives smaller corrections):
this is an indication that the NLO approximation is not reliable anymore in these regions of phase space
and higher order effects should be included in theoretical predictions. The EW corrections to the vector
boson pT distribution are shown in Fig. 191, once the leading logarithmic terms have been resummed
in the framework of SCET [535, 620]: the resummed corrections are smaller than the ones computed at
fixed order, even though they remain large, becoming of the order of −50 % for pT V ' 20 TeV.

We conclude this section studying the impact of the NLO EW corrections on the ratio of differen-
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Fig. 188: Upper panels: integrated pZT (upper left plot), HT (upper right plot) and leading jet pT (lower
plot) distributions for the processes Z + 1, 2 and 3 jets at LO and approximated NLO accuracy (solid
and dashed lines, respectively) at the FCC at 100 TeV. Lower panels: relative corrections δEW.

tial distributions for Z, W and γ plus jets. More precisely, in Fig. 192 we consider the ratios:

RZγ =
dσZ

dpTZ
/
dσγ

dpTγ
and RWZ =

dσW+

dpTW
/
dσZ

dpTZ
. (103)

for the three different jet multiplicities. In Figs. 188-190 it is shown how the EW corrections for Z+ mul-
tijets and W+ multijets are similar, while the ones for γ+ multijets are smaller. As a result, the RWZ
ratio is basically unaffected by the EW corrections, while this is not the case for the RZγ ratio, where the
Sudakov corrections change significantly the shape of the RZγ distribution. It is worth mentioning that a
reliable prediction for RZγ should also include NLO QCD corrections, as for small transverse momenta
mass effects are not negligible.
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Fig. 189: Upper panels: integrated pWT (upper left plot), HT (upper right plot) and leading jet pT (lower
plot) distributions for the processes W+ + 1, 2 and 3 jets at LO and approximated NLO accuracy (solid
and dashed lines, respectively) at the FCC at 100 TeV. Lower panels: relative corrections δEW.

16.5 Di-jets
The electroweak contributions to di-jet production can be safely classified according to the coupling
constant power of O(α2

sα). While the tree-level processes involving two or more gluons are of O(α2
s),

the processes with four quarks can proceed through the exchange of electroweak gauge bosons. This
implies that there are two classes of contributions at O(α2

sα): the one-loop virtual EW NLO corrections
on QCD tree-level processes ofO(α2

s) (involving tree-level diagrams with two as well as four quark legs)
and the QCD NLO corrections to the interferences between O(αs) tree-level diagrams with O(α) tree-
level diagrams (the colour structure allows a non-zero contribution from this interference only between
u- and t-channel diagrams). The former can be calculated in a gauge invariant way separating the genuine
weak corrections (which involve W and Z exchanges in the loops and are the interesting contributions
at high energies) from the photonic corrections. The complete calculation of the O(α2

sα) contributions,
neglecting photonic corrections, have been presented in Ref. [208]. Previous results have been presented
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Fig. 190: Upper panels: integrated pγT (upper left plot), HT (upper right plot) and leading jet pT (lower
plot) distributions for the processes γ+ 1, 2 and 3 jets at LO and approximated NLO accuracy (solid and
dashed lines, respectively) at the FCC at 100 TeV. Lower panels: relative corrections δEW.

in Refs. [206, 595, 639, 640]. The investigation of the phenomenological impact of O(α2
sα) terms at

the LHC and higher energy future colliders have been presented in Refs. [208, 634, 635, 641], for jet-jet
invariant mass and jet transverse momentum distributions.

The O(α2
sα) interference terms are positive and tend to partially cancel the negative effect of

the virtual corrections to the O(α2
s) LO contribution. However, as can be seen from Figs. [1-3] of

Ref. [634], the relevance of the tree-level interferences tends to decrease with the increase of the collider
energy, being of the order of 1% for jet transverse momenta of 3 TeV. At variance with the interference
terms, the virtual corrections to the O(α2

s) LO contributions, instead, are negative and grow up in size
at the level of 10%. It is worth remarking that the corrections on the di-jet invariant mass are smaller
with respect to the jet transverse momenta, due to the fact that the requirement of large jet transverse
momenta guarantees that all invariants are much larger than the weak vector boson masses (i.e. Sudakov
logs are dominating), while the high invariant mass region is dominated by the forward region, where
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Fig. 191: Predictions within the SCET framework of resummed leading EW corrections to the integrated
inclusive Z boson pT (upper left plot), W boson pT (upper right plot) and pγT (lower plot) at the FCC
at 100 TeV. The lower panels display the relative corrections δEW. The bands have been obtained by
varying the EW matching scale.

the t and u invariants remain small. This feature is not present for event selections with tight cuts on the
jet transverse momenta. In this subsection we present results for di-jet invariant mass (mjj) and leading
pT jet distributions (pj1T ), integrated from the lower edge to the kinematical limit, as obtained with the
modified version of ALPGEN V2.14 to include NLO EW corrections to pure QCD LO contributions
with logarithmic accuracy [547], up to single logs. While the approximation is not expected to be fully
reliable for the di-jet invariant mass distribution, as discussed above, it should give reliable predictions for
pj1T , where the condition for the validity of the Sudakov approximation is fully satisfied. The numerical
results have been obtained at parton level, with the following set of cuts:

pjT ≥ 25 GeV , |ηj | ≤ 2.5 ∆Rjj ≥ 0.6. (104)

The running parameters have been kept the default ones of ALPGEN V2.14, in particular the renor-

malization and factorization scales are µF = µR =

√(
pj1T

)2
+
(
pj2T

)2
. As can be seen, the estimated
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Fig. 192: Differential distributions of the ratios RZγ (left plot) and RWZ (right plot) for V + 1, 2 and
3 jets at the FCC at 100 TeV. Solid lines and dotted lines correspond to the LO and the approximated
NLO predictions, respectively. The results for the RZγ ratio have been obtained imposing the same cuts
of Eq. (98) on both the photon and the Z boson.

corrections are moderate (at the level of about 10%), even at the multi-TeV scales accessible at the√
s = 100 TeV collider.

16.6 tt̄, tt̄+ jets and tt̄H
In this subsection we present exact NLO results for the EW corrections to tt̄ pair production and NLO
Weak corrections to tt̄H production. Also, approximate results, using the logarithmic approximation,
for tt̄+ n jets, with n = 0, 1, 2, 3 are given. As for the case of dijet production, we have both O(α2

s) as
well as O(αsα) tree-level diagrams. The EW corrections (or some subset of them) have been calculated
in the literature [588–594] and have been included recently in the Monte Carlo code [623].

The numerical results for tt̄ production at 100 TeV have been obtained by means of the automatic
code MADGRAPH5_AMC@NLO [64] and a currently private extension that allows to calculate NLO
QCD and EW corrections [426,428]. In Fig. 194 we present the integrated distributions of the tt̄ invariant
mass in the range [8-30] TeV (left panel) and of the top quark transverse momentum in the range [4-
17] TeV (right panel). The format of the plots is the same of those in Fig. 180, which is described in
the text. As can be seen in the lower panels, the effect of NLO EW radiative corrections is negative
and moderate for the tt̄ invariant mass, ranging from ∼ −10% for M(tt̄) > 10 TeV to ∼ −20% for
M(tt̄) > 30 TeV. QCD corrections are also presented and display a positive effect of the order of 60%,
almost flat over the entire invariant mass range. The uncertainty estimate given by the scale variation is
at the 10% level, dominating with respect to the PDF uncertainty.

A more pronounced effects of the EW corrections is present on the transverse momentum distri-
bution, where it ranges from −30% for pmin

T = 4 TeV to −50% for pmin
T = 17 TeV. In the same interval

the QCD corrections range from a factor of almost 2.5 over the LO predictions to about +50%, giving
rise to large cancellation between the two kinds of corrections in the very large tail of the distribution.

In these plots we did not include the effect from photon-initiated processes. However, at O(αsα)
also the contribution from the γg initial state is present [593]. We explicitly verified that, with
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Fig. 193: Integrated invariant mass distribution (left panel) and Integrated leading jet pT distribution for
the process pp→ jj at

√
s = 100 TeV. The lower panels give the relative effects of the EW corrections

(calculated with leading logarithmic accuracy, as described in the text) with respect to the LO order
predictions.

NNPDF2.3QED, this contribution would compensate the NLO EW corrections for M(tt̄) > 20 TeV
and would relatively grow for even larger M(tt̄) values. However, the γg initial-state has huge PDF
uncertainties in this region (∼ 100%) and the growth is totally given by the PDF luminosity and not by
matrix-element enhancements. In the case of cumulative top quark transverse momentum we observe a
milder effect from the γg initial state; it compensates the NLO EW corrections only at the end of the
explored range. Additional plots, including effects due the photon PDF, can be found in ref. [642], where
a detailed discussion on the compensation of EW Sudakov logarithms and photon-induced contributions
is presented.

For the signature tt̄ + n jets (with n up to 3), the results have been obtained with the upgraded
version of ALPGEN mentioned in Subsection 16.1 and briefly described in Subsection 16.4. Since
the logarithmic approximation has been shown to largely overestimate the EW corrections for the tt̄
invariant mass [624], when no cut on the transverse momentum of the top quarks is imposed, we present
only results for the inclusive transverse momentum of the top quarks (Fig. 195, left panel) and for the
transverse momentum of the tt̄ pair (Fig. 195, right panel), in the range [0-6] TeV. The numerical results,
obtained with ALPGEN, are based on the default parameters of the version V2.14 of the code, with a
minimum transverse momentum threshold of 50 GeV both for top quarks and light partons. In addition,
for the light partons a cut of 5 units in the maximum pseudorapidity is required, and a separation in ∆R

of 0.7. The factorization/renormalization scale is taken as µF = µR =
√
E1

2
T + E2

2
T +

∑
i pi

2
T , where

Ei
2
T is the transverse energy of the i − th top quark. By comparison of the black dotted line of the left-

lower panel of Fig. 195 with the red line of the right-lower panel of Fig. 194, we can see a nice agreement
between the logarithmic approximation and the exact NLO calculation for njets = 0. The effect of the
EW corrections for higher parton multiplicities are slightly smaller. For the tt̄ pair transverse momentum
the effect of the corrections is almost the same for all the studied multiplicities.

As a last comment, we observe that the EW corrections to tt̄ and tt̄+ jets are moderate even if
larger than the ones for dijet production. This can be qualitatively understood because of the presence of
processes involving only gluons and due to the average over flavours in dijet production with respect to
tt̄.

We also show NLO Weak differential corrections for the production of a top-quark pair in asso-
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Fig. 194: Left: the cumulative distribution of the tt̄ invariant mass. Right: the cumulative distribution
of the pT (t). as obtained with MADGRAPH5_AMC@NLO. The blue lines display the effects of NLO
QCD corrections, while the red lines correspond to the predictions with NLO EW corrections on top
of NLO QCD accurate distributions. In the lower panels, which display the relative effects of the NLO
QCD and EW corrections, also the effects of scale variations and PDF uncertainties are considered.

ciation with the Higgs boson (tt̄H). For this process, NLO Weak and QED corrections are separately
gauge invariant and the former, which contain all the Sudakov logarithms, have been calculated in [426],
from where plots in Fig. 196 have been directly taken. Results for NLO EW (Weak+QED) corrections at
100 TeV for tt̄H , tt̄Z and tt̄W± total cross sections con be found in [428]. In the main panel of plots in
Fig. 196 we show the NLO Weak contributions from each partonic subprocess and their sum (in black)
and also the contribution from Heavy-Boson-Radiation (HBR), i.e., tt̄HV with V = H,W±, Z. In the
lower inset we display the ratios of the quantities in the main panel with the LO prediction, using the cor-
responding colors. The left and right plots show the pT (H) and the m(tt̄H) distributions, respectively.
Weak corrections reach ∼ −10% level in the range explored and are almost completely given by the gg
initial state, which is dominant due to the larger value of the gluon PDF. It is worth to note also that HBR
contributions lead to a partial cancellation of the Sudakov logarithms from NLO Weak corrections.

16.7 Real radiation
As discussed in Section 16, the electroweak corrections grow with the center of mass energy Q =

√
s of

the partonic collision, due to the appearance of two powers of LV for each order in perturbation theory.
Thus, as the center of mass energy grows, the convergence of electroweak perturbative theory gets worse,
until it breaks down completely for

αewL
2
V ∼ 1 . (105)

As one can see from the results in this chapter, perturbative electroweak corrections at the 100 TeV FCC
become very large at high center of mass energies. A consistent resummation of these Sudakov loga-
rithms improves the convergences of perturbation theory significantly, and becomes crucially important
for measurements at the highest energies available.

As already mentioned in the introduction, Sudakov logarithms in exclusive cross-sections (without
extra radiation of additional electroweak gauge bosons) have been resummed for many processes. A
general formalism based on soft-collinear effective theory [559–562] was developed to perform this
resummation at NLL (and in principle to higher accuracy as well). However, for the energies that can be
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Fig. 195: Left: the distribution of the inclusive top quark transverse momentum for the final states
tt̄ + n jets, with n = 0, 1, 2, 3. Right: the distribution of the tt̄ pair transverse momentum for the final
states tt̄ + n jets, with n = 0, 1, 2, 3. The lower panels give the relative effects of the EW corrections
(calculated with leading logarithmic accuracy, as described in the text) with respect to the LO order
predictions.
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Fig. 196: NLO Weak corrections for the distribution of the pT (H) (left) and of the m(tt̄H) (right). Plots
are taken from [426] and explained in the text.

reached at the FCC, it is only the leading logarithms that need to be resummed; the subleading logarithms
can still be treated in fixed order perturbation theory until the partonic center of mass energy becomes
large enough such that αewLV ∼ 1.

To LL accuracy, the resummation of the double logarithms can be obtained using the coherent
branching formalism [101, 643, 644] that underlies parton shower algorithms, used extensively to de-
scribe the emissions of extra particles in the strong interaction. In this approach [515, 544] one uses
the fact that, to LL accuracy, the cross-sections factorize into products of emission probabilities. These
emission probabilities are given by the Altarelli-Parisi splitting functions, supplemented by a so-called
no-branching probability, given by an integral over the Altarelli-Parisi splitting functions.

This approach reproduces the known resummation of the exclusive results, but can also be used to
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obtain resummed results for the real radiation of W and Z bosons. In the remainder of this section, we
will provide the results for the production of lepton pairs at the FCC, but the method can be applied to
any other process as well. The results given below are taken from [544], where details on their derivation
can be found.

The partonic cross-sections for the exclusive cross section q1q̄2 → `1`2 at partonic center of mass
energy s = Q2 = xaxbS, where `i denotes either a charged lepton or a neutrino, are given by

σ̂LL
qH1 q

H
2 →`H1 `H2

(s) = σ̂B
qH1 q

H
2 →`H1 `H2

∆qH1 q
H
2 `

H
1 `

H
2

(m2
V , s; s) ∆em

qH1 q
H
2 `

H
1 `

H
2

(Λ2,m2
V ; s) . (106)

where the superscript H denotes the helicity of the fermions. The Born cross-sections are given by

σ̂B
qHq qHq→`H``H` =

π

8NC s

8
(
α2 T

3
qHq

T 3
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+ α1 YqHqY`H`

)2

3

σ̂B
qL1 q

L
2→`L1 `L2

=
π

8NC s

2α2
2

3
, (107)

where T 3
fH

denotes the weak isospin of the fermion f = q/` with helicity H , YfH its weak hypercharge
with normalization Yi = Qi−T 3

i , and α2 and α1 are the couplings of the SU(2) and U(1)Y gauge group,
respectively.

The Sudakov factor ∆qH1 q
H
2 `

H
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V , s; s) describes the evolution from s to m2

V and factors into
two pieces, one for the SU(2) and one for the U(1) symmetry
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The SU(2) and U(1) contributions are given by

∆
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with
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and the sum is running over all fermions i ∈ {qH1 , qH1 , `H1 , `H2 }. For scales below mV only photons can
be exchanged, and the resulting Sudakov factor

∆em
qH1 q

H
2 `

H
1 `

H
2

(Λ2,m2
V ; s) = exp

[
−α(Q)Q2
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4π

(
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− ln2 m

2
V

s

)]
, (111)

only depends on the electromagnetic charges of the fermions

Q2
tot =

∑

i

Q2
i . (112)

This agrees with the results of [515], and summing over all possible helicity structures, one reproduce
the resummed results of [533–535].

Using the same coherent branching formalism, one can calculate the partonic real radiation cross
section qiqj → ``V , where, as before, ` denotes either a charged lepton or a neutrino, V denotes either
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a Z or a W boson. Following the results of [544] one obtains for the exclusive emission of a W± boson
(exclusive here means that emissions of additional gauge bosons are vetoed)
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where f ′ is the fermion f becomes after having radiated a W± that is u′ = d, d′ = u, l′ = ν and ν ′ = l
and for any flavor set which allows a W± emission there is one of the Born cross sections which is zero
because its electromagnetic charge is not conserved. The Sudakov factor

∆V (m2
V , k

2
T ; k2

T ) = exp

[
−α2CA

4π
ln2 m

2
V

k2
T

]
(114)

is written in term of the Casimir CA = 2 for the SU(2) gauge group and describes the no-branching
probability of the extra W boson radiated. We have also defined Λ to be the scale below which a photon
becomes unresolved, as well as

AW
±

fL =
α2(Q)

4π
, AW

±
fR = 0 . (115)

The integral over k2
T has been performed using the general result
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.

For the emissions of a Z bosons and photon, one needs to take into account the mixing between the
third component of SU(2) gauge symmetry and the U(1) gauge symmetry. After a few lines of algebra
(see [544]) one finds for the emission of a Z boson
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The factorsASU(2) andAU(1) are given in Eq. (110), and the term arising from the mixing of theW 3 and
B is given by

A
mixing
qH1 q

H
2 `

H
1 `

H
2

=
αem

π

∑

i

T 3
i Yi . (118)

The emission of a photon is obtained in a similar manner, but one has to include the extra emissions
that can happen for scales Λ < µ < mV . This gives
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In Fig. 197 we show the resulting cross-sections as function of the center of mass energy of the
system [s = (p`1 + p`2 + pV )2]. In the top plot we show the size of the perturbative corrections relative
to the Born cross-section, where the virtual corrections are in black, while the real radiation of a Z,
γ, W+ and W− are shown in green, orange, red and blue, respectively. The fixed order results (only
including the double logarithmic term) are shown by the dashed lines, while the resummed results by
the solid lines. One can clearly see that the size of the perturbative corrections grows as the center of
mass energy is raised, and that the resummation decreases the overall size. To illustrate the importance
of resummation, we show in the lower plot the difference between the fixed order and resummed result,
normalized to the resummed. One can clearly see that the effect of resummation is very important for
large center of mass energies, and that the resummation of the real corrections is even more important
than the resummation of the virtual corrections.

The results of this section have shown that resummation of electroweak Sudakov logarithms be-
comes crucial for center of mass energies in the multi-TeV range, which are easily reached at the FCC.
This is true not only for exclusive cross-sections where extra radiation is vetoed, but also for the radiation
of additional massive gauge bosons. Including these effects in theoretical calculations will be crucial,
not only for precision studies.
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Fig. 197: The cross-section for pp → e+e− + X . Virtual corrections are shown in black, while real
corrections are shown in green, orange, red and blue for Z, γ, W+ and W− emissions, . Resummed
corrections are shown in solid lines, while fixed order results are dashed.
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17 Sources of missing transverse energy

Fig. 198: Left: Missing transverse energy rates, from jet+(Z → νν̄) events and from dijets, with a jet
escaping undetected at large rapidity. Right: Missing transverse energy probability induced by multiple-
parton interactions, for different values of the jet rapidity acceptance.

Missing transverse energy (E/T ) is an important signature for many BSM processes. At 100 TeV,
SM sources of E/T can contribute with very large rates of irreducible backgrounds. We consider here, for
illustration, the effect of three of the leading sources of irreducible E/T : the associated production of jets
and a Z0 boson decaying to neutrinos, the semileptonic decay of top quarks, and the production of jets
outside the calorimeter acceptance. The latter channel is important, since the high energy available in
the CM allows for the production of large pT jets at very forward rapidities. This is shown in Fig. 198,
where the dashed lines correspond to the rate of dijet events in which one jet is within the calorimeter
acceptance (defined by the ηcal label), and the other is outside. With the standard LHC calorimeter
coverage, ηcal = 5, dijets would give a E/T signal larger than Z+jets for E/T up to ∼ 400 GeV. This is
reduced to ∼ 150 GeV with a calorimeter extending out to ηcal = 6.

It must be noticed that the limited calorimeter acceptance can induce a E/T signal in any hard pro-
cess, due to the finite probability of the coincidence of a multiparton interaction. Multiparton interactions
are hard scatterings taking place among the partons not engaged in the primary hard process, and can-
not be separated experimentally since the resulting particles emerge from exactly the same vertex as the
primary scattering. The probability that a multiparton interaction leads to a secondary hard process X in
addition to the primary one is parametrized as σ(X)/σ0, where σ0 is a process-independent parameter.
The right plot of Fig. 198 shows the probability of multiparton interactions leading to dijet final states,
with one jet inside the calorimeter and the other outside. For this example we chose σ0 = 30 mb, a num-
ber consistent with the direct experimental determinations from Tevatron and LHC data. E/T signals in
the range of 30-70 GeV are induced with probability of about 10−3 if ηcal is in the range 4 to 6, stressing
once again the need to instrument the detectors with a calorimetric coverage more extended than at the
LHC.
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Abstract
This Chapter summarises the physics opportunities for the study of Higgs
bosons and the dynamics of electroweak symmetry breaking at the 100 TeV
pp collider.

1 Introduction
Despite its impressive success in accounting for a wide range of experimental observations, the Standard
Model (SM) leaves many of our most important questions unanswered:

– Why does the universe contain more matter than anti-matter?
– What is the identity of the dark matter and what are its interactions?
– Why are the masses of neutrinos so much smaller than those of all other known elementary

fermions?

The discovery [1, 2] of the Higgs-like scalar [3–8] at the LHC highlights additional theoretical puzzles.
The scalar sector is the “obscure" sector of the SM, in the sense that it is the least understood part
of the theory. The principles dictating its structure are still unclear. This is to be contrasted with the
gauge sector, which logically follows from an elegant symmetry principle and has all the features of
a fundamental structure. Not surprisingly, many of the open problems of the SM are connected to the
Higgs sector. For example, the stability of the Higgs mass [9] and of the Electroweak (EW) scale in
general against UV-sensitive radiative corrections motivates additional symmetry structures near the TeV
scale. To address these questions, possible theoretical extensions of the SM have been proposed. Their
experimental manifestations can be direct, via the production of new particles, or indirect, via deviations
of the Higgs properties from their SM predictions.

With its higher energy and the associated increase in parton luminosity, a 100 TeV pp collider
would provide an unprecedented potential to both detect new particles, and to explore in detail the Higgs
boson properties, uniquely complementing the capabilities at the LHC and possible future e+e− collid-
ers. This Chapter is dedicated to a first assessment of this potential.

In the first Section we review what is known today about the production properties of the 125 GeV
Higgs boson at 100 TeV. We present evidence that the increased energy does not introduce uncertain-
ties larger than those already established from the studies for the LHC [10–12]. Furthermore, the large
production rates available at 100 TeV open new opportunities to optimize the balance between statistical
uncertainties, background contamination, and systematic uncertainties of both theoretical and experimen-
tal origin. The second Section illustrates these ideas with a few concrete examples of possible precision
attainable at 100 TeV. These are not intended to provide a robust and definitive assessment of the ultimate
goals; this would be premature, since both the theoretical landscape (higher-order corrections, resumma-
tions, PDFs, and event simulation tools in general) and the future detectors’ performance potential are
far from being known. Rather, these examples suggest possible new directions, which on paper and in
the case of idealized analysis scenarios offer exciting opportunities to push the precision and the reach
of Higgs physics into a domain that will hardly be attainable by the LHC (although some of these ideas
might well apply to the HL-LHC as well).

The third Section addresses the determination of the Higgs self-coupling and the measurement of
the Higgs potential. This is important for several reasons. In the SM, the shape of the Higgs potential is
completely fixed by the mass and vacuum expectation value of the Higgs field. Therefore, an independent
measurement of the trilinear and quadrilinear Higgs self-interactions provides important additional tests
of the validity of the SM. This test is quite non-trivial. Indeed, as discussed in the final Section, in many
Beyond-the-SM (BSM) scenarios sizable corrections to the Higgs self-couplings are predicted, which, in
some cases, can lead to large deviations in multi-Higgs production processes but not in other observables.
In these scenarios, an analysis of the non-linear Higgs couplings can be more sensitive to new-physics
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effects than other direct or indirect probes [13, 14]. This Section includes an overview of the production
rates for multiple Higgs production, including those of associated production and in the vector-boson
fusion channel. This is followed by a detailed up-to-date study of the possible precision with which the
triple Higgs coupling can be measured, and a first assessment of the potential to extract information on
the quartic coupling.

Determining the structure of the Higgs potential is also important to understand the features of the
EW phase transition, whose properties can have significant implications for cosmology. For instance, a
strong first order transition could provide a viable scenario to realize baryogenesis at the EW scale (see
for example [15] and references therein). In the SM the EW transition is known to be rather weak (for a
Higgs mass mh ∼ 70− 80 GeV, only a cross-over is predicted), so that it is not suitable for a successful
baryogenesis. Many BSM scenarios, however, predict modifications in the Higgs potential that lead to
first order EW transitions, whose strength could allow for a viable baryogenesis. An additional aspect
related to the structure of the Higgs potential is the issue of the stability of the EW vacuum (see for
instance Ref. [16]). The final Section of this Chapter will address these questions in great detail. This
Section will also study the impact of studies in the Higgs sector on the issue of Dark Matter, on the origin
of neutrino masses, and on naturalness. Extensions of the SM affecting the Higgs sector of the theory
often call for the existence of additional scalar degrees of freedom, either fundamental or emergent.
Such Beyond the SM (BSM) Higgs sectors frequently involve new singlet or electroweak-charged fields,
making their discovery at the LHC challenging. The prospects for their direct observation at 100 TeV
will be presented in the final part of the Section.

The results and observations presented throughout this document, in addition to put in perspective
the crucial role of a 100 TeV pp collider in clarifying the nature of the Higgs boson and electroweak
symmetry breaking, can be used as benchmarks to define detector performance goals, or to exercise new
analysis concepts (focused, for example, on the challenge of tagging multi-TeV objects such as top and
bottom quarks, or Higgs and gauge bosons). Equally important, they will hopefully trigger complete
analyses, as well as new ideas and proposals for interesting observables. Higgs physics at 100 TeV will
not just be a larger-statistics version of the LHC, it will have the potential of being a totally new ballgame.
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2 SM Higgs production
We discuss in this Section the 125 GeV SM Higgs boson production properties at 100 TeV, covering total
rates and kinematical distributions. Multiple Higgs production is discussed in Section 4.

For ease of reference, and for the dominant production channels, we summarize in Table 1 the
central values of the total cross sections that will be described in more detail below. The increases with
respect to the LHC energy are very large, ranging from a factor of ∼ 10 for the V H (V = W,Z)
associated production, to a factor of ∼ 60 for the tt̄H channel. As will be shown in this section, much
larger increases are expected for kinematic configurations at large transverse momentum.

With these very large rate increases, it is important to verify that the relative accuracy of the pre-
dictions does not deteriorate. We shall therefore present the current estimates of theoretical systematics,
based on the available calculations of QCD and electroweak perturbative corrections, and on the knowl-
edge of the proton parton distribution functions (PDFs). With the long time between now and the possible
operation of the FCC-hh, the results shown here represent only a crude and conservative picture of the
precision that will eventually be available. But it is extremely encouraging that, already today, the typical
systematical uncertainties at 100 TeV, whether due to missing higher-order effects or to PDFs, are com-
parable to those at 14 TeV. This implies that, in perspective, the FCC-hh has a great potential to perform
precision measurements of the Higgs boson. A first assessment of this potential will be discussed in the
next Section.

In addition to the standard production processes, we document, in the last part of this Section, the
rates of rarer channels of associated production (e.g. production with multiple gauge bosons). These
processes could allow independent tests of the Higgs boson properties, and might provide channels with
improved signal over background, with possibly reduced systematic uncertainties. We hope that the first
results shown here will trigger some dedicated phenomenological analysis. For a recent overview of
Higgs physics at 33 and 100 TeV, see also [17].

gg → H V BF HW± HZ tt̄H

(Sect 2.1) (Sect 2.5) (Sect 2.4) (Sect 2.4) (Sect 2.6)

σ(pb) 802 69 15.7 11.2 32.1

σ(100 TeV)/σ(14 TeV) 16.5 16.1 10.4 11.4 52.3

Table 1: Upper row: cross sections at a 100 TeV collider for the production of a SM Higgs boson in gg fusion,
vector boson fusion, associated production with W and Z bosons, and associated production with a tt̄ pair. Lower
row: rate increase relative to 14 TeV [18]. The details of the individual processes are described in the relevant
subsections.

2.1 Inclusive gg → H production
In this section we analyse the production of a Standard Model Higgs boson via the gluon fusion produc-
tion mode at a 100 TeV proton proton collider. As at the LHC with 13 TeV this particular production
mode represents the dominant channel for the production of Higgs bosons.

We relate perturbative QFT predictions to the cross section at a
√
S = 100 TeV collider using the

general factorisation formula

σ = τ
∑

ij

∫ 1

τ

dz

z

∫ 1

τ
z

dx

x
fi (x) fj

( τ
zx

) σ̂ij(z)
z

, (1)

where σ̂ij are the partonic cross sections for producing a Higgs boson from a scattering of partons i and
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j, and fi and fj are the corresponding parton densities. We have defined the ratios

τ =
m2
H

S
and z =

m2
H

s
. (2)

Here, s is the partonic center of mass energy. In the wake of the LHC program tremendous efforts have
been made from the phenomenology community to improve the theoretical predictions for the Higgs
boson cross section. In this section we want to briefly review the various ingredients for a state of the art
prediction for the FCC and discuss the associated uncertainties. To this end we split the partonic cross
section as follows.

σ̂ij ' RLO (σ̂ij,EFT + σ̂ij,EW ) + δσ̂LOij,ex;t,b,c + δσ̂NLOij,ex;t,b,c + δtσ̂
NNLO
ij,EFT . (3)

The relatively low mass of the Higgs boson in comparison to the top threshold allows the use of
an effective theory in which we regard a limit of infinite top quark mass and only consider the effects
of massless five-flavour QCD on the gluon fusion cross section. This effective theory is described by an
effective Lagrangian [19–23]

LEFT = LQCD,5 −
1

3π
C H GaµνG

µν
a , (4)

where the Higgs boson is coupled to the Yang-Mills Lagrangian of QCD via a Wilson coefficient [24–
26] and LQCD,5 is the QCD Lagrangian with five massless quark flavours. The cross section σ̂ij,EFT
is the partonic cross section for Higgs production computed in this effective theory. It captures the
dominant part of the gluon fusion production mode [27–30]. Recently, it was computed through N3LO
in perturbation theory [31].

Effects due to the fact that the top mass is finite need to be included in order to make precision
predictions for the inclusive Higgs boson production cross section. At LO and NLO in QCD the full
dependence on the quark masses is known [32–39].

First, to improve the behaviour of the effective theory cross section we rescale σ̂ij,EFT with the
constant ratio

RLO ≡
σLO
ex;t

σLO
EFT

, (5)

where σLO
ex;t is the leading order cross section in QCD computed under the assumption that only the top

quark has a non-vanishing Yukawa coupling. σLO
EFT is the leading order effective theory cross section.

In order to also include important effects due to the non-vanishing Yukawa coupling of the bottom and
charm quark we correct our cross section prediction at LO with δσ̂LOij,ex;t,b,c and at NLO with δσ̂NLOij,ex;t,b,c.
These correction factors account for the exactly known mass dependence at LO and NLO beyond the
rescaled EFT. The exact mass dependence at NNLO is presently unknown. However, corrections due
to the finite top mass beyond the rescaled EFT have been computed as an expansion in the inverse top
mass [40–42]. We account for these effects with the term δtσ̂

NNLO
ij,EFT .

Besides corrections due to QCD it is important to include electroweak corrections to the inclusive
production cross section. The electroweak corrections to the LO cross section at first order in the weak
coupling were computed [43, 44] and an approximation to mixed higher order corrections at first order
in the weak as well as the strong coupling exists [45]. We account for these corrections with σ̂ij,EW .

Next, we study the numerical impact of the aforementioned contributions on the Higgs boson cross
section at 100 TeV and estimate the respective uncertainties. We implemented the effects mentioned
above into a soon to be released version of the code iHixs [46, 47] and evaluated the cross section
with the setup summarised in Table 2. Throughout the following analysis we choose parton distribution
functions provided by Ref. [48]. For a detailed analysis of the various sources of uncertainties at 13 TeV
we refer the interested reader to Ref. [49].
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√
S 100TeV

mh 125GeV
PDF PDF4LHC15_nnlo_100

as(mZ) 0.118
mt(mt) 162.7 (MS)
mb(mb) 4.18 (MS)

mc(3GeV ) 0.986 (MS)
µ = µR = µF 62.5 (= mh/2)

Table 2: Setup

2.1.1 Effective Theory
The Higgs boson cross section is plagued by especially large perturbative QCD corrections. The dom-
inant part of these corrections is captured by the effective field theory description of the cross section
introduced in Eq. (4). As a measure for the uncertainty of the partonic cross section due to the truncation
of the perturbative series we regard the dependence of the cross section on the unphysical scale µ of
dimensional regularisation. We will choose a central scale µcentral = mh

2 for the prediction of the central
value of our cross section and vary the scale in the interval µ ∈

[
mh
4 ,mh

]
to obtain an estimate of the

uncertainty due to missing higher orders.

First, we investigate the dependence of σ̂ij,EFT computed through different orders in perturbation
theory on the hadronic center of mass energy S as plotted in fig. 1. One can easily see that an increase of

Fig. 1: The effective theory gluon fusion cross section at all perturbative orders through N3LO in the scale interval[
mh

4 ,mh

]
as a function of the collider energy

√
S.

the center of mass energy leads to a more than linear increase of the production cross section. Further-
more, we observe that higher orders in perturbation theory play an important role for precise predictions
for the Higgs boson cross section. The lower orders dramatically underestimate the cross section and
particular the scale uncertainty. Only with the recently obtained N3LO corrections [31] the perturbative
series finally stabilises and the uncertainty estimate due to scale variations is significantly reduced.
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In fig. 2 we plot the effective theory K-factor for various orders in perturbation theory.

K(n) =
σNnLO

EFT

σLO
EFT

. (6)

Here, σNnLO
EFT is the hadronic Higgs production cross section based on the effective theory prediction

through NnLO. One can easily see that QCD corrections become slightly more important as we increase
the center of mass energy. The relative size of the variation of the cross section due to variation of the
common scale µ is roughly independent of the center of mass energy of the proton collider.

Fig. 2: QCD K-factor for the effective theory Higgs production cross section as a function of the hadronic center
of mass energy.

2.1.2 Quark Mass Effects
First, let us discuss the quality of the effective theory approach considered above. The cross section
obtained with this approach corresponds to the leading term in an expansion of the partonic cross section
in δ = s

4m2
t
. In fig 3 we plot the gluon luminosity for Higgs production as a function of z. The area

that represents the production of gluons with a partonic center of mass energy larger than 2mt is shaded
in red and in green for the complement. In ∼ 96% of all events in which a gluon pair has large enough
energy to produce a Higgs boson the expansion parameter δ is smaller than one and the effective theory
can be expected to perform reasonably well. In comparison, at 13 TeV δ is smaller than one for ∼ 98%
of all gluon pairs that are produced with a center of mass energy larger than the Higgs boson mass.

Next, let us asses the performance of the rescaled effective theory quantitatively. The rescaling
by the ratio RLO = 1.063 provides a reasonable approximation of the cross section with full top mass
dependence. If we consider the exact corrections due to the top quark through NLO we find only a
mild correction of 2.8% on top of the rescaled effective theory NLO cross section. At NNLO the exact
dependence of the QCD cross section on the top quark mass is unknown and only higher order terms
in the expansion in δ are available. These amount to 1.1% of the total cross section. Following the
recommendation of Ref. [40] we assign a matching uncertainty of δ 1

mt

= ±1% due to the incomplete

NNLO corrections.
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Fig. 3: Higgs production gluon luminosity at a 100 TeV proton proton collider. The area shaded in red corresponds
to partonic center of mass energy larger than 2mt and the green area to partonic center of mass energy less than
2mt.

Of considerable importance are effects due to the interference of amplitudes coupling light quarks
to the Higgs and amplitudes with the usual top quark Yukawa interaction. At LO and NLO we find
destructive interference of these contributions and we include them as part of σ̂NLOij,ex;t,b,c. Currently, no
computation of interference effects of light and heavy quark amplitudes at NNLO is available and we
asses the uncertainty due to these missing contributions via

δtbc = ±
∣∣∣∣∣
σNLO
ex;t − σNLO

ex;t,b,c

σNLO
ex;t

∣∣∣∣∣
RLOδσ

NNLO
EFT

σ
= ±0.8%. (7)

Here, σNLO
ex;t and σNLO

ex;t,b,c are the hadronic cross sections based on NLO partonic cross sections containing
mass effects from the top quark only and mass effects from the top, bottom and charm quark respectively.
δσNNLO

EFT is the NNLO correction to the cross section resulting from the effective theory partonic cross
section.

Parametric uncertainties due to the imprecise knowledge of the quark masses are small and we
neglect in all further discussions.

2.1.3 Electroweak corrections
Electroweak corrections at O(α) were computed in Ref. [43]. These corrections contain only virtual
contributions and are thus independent of the energy. We currently include them as

σ̂ij,EW = κEW × σ̂ij,EFT , (8)

where κEW is the rescaling factor arising due to the electroweak corrections. Electroweak corrections
beyond O(α) where approximated in Ref. [45]. We also include those effects and assign residual uncer-
tainty of δEW = ±1% on the total cross section due to missing higher order mixed electroweak and QCD
corrections [49].

Electroweak corrections for Higgs production in gluon fusion in association with a jet were com-
puted by [50]. These turn out to be negligible for the inclusive cross section.

9
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2.1.4 αS and PDF uncertainties
The strong coupling constant and the parton distribution functions are quantities that are extracted from
a large set of diverse measurements. Naturally, there is an uncertainty associated with these quantities
that has to be taken into account when deriving predictions for the Higgs boson production cross section.
Here, we follow the prescription outlined by the PDF4LHC working group in Ref. [48] to derive the PDF
and αS uncertainty for the Higgs production cross section. We find

δPDF = ±2.5%, δαS = ±2.9%. (9)

In Fig. 4 we plot the PDF and αS uncertainty for the effective theory cross section as a function of the
scale µ normalised to its central value.

Fig. 4: PDF and αS uncertainty of the effective theory cross section as a function of the pertubative scale µ
normalised to the central value of σEFF(µ).

We want to remark that the predictions obtained here are subject to the choice of the parton dis-
tribution functions. Especially choosing parton distribution functions and strong coupling constant ac-
cording to Ref. [51,52] results in quantitatively different predictions. This discrepancy is not covered by
current uncertainty estimates and should be resolved.

Currently, parton distributions are obtained using cross sections computed up to at most NNLO. As
we combine these NNLO parton distribution functions with the effective theory cross section computed
at N3LO we have to assign an uncertainty for the miss-match. As a measure for this uncertainty δPDF-theo
we use

δPDF-theo = ±1

2

∣∣∣∣∣
σNNLO

EFT, NNLO − σNNLO
EFT, NLO

σNNLO
EFT, NNLO

∣∣∣∣∣ = ±2.7%. (10)

Here, σNNLO
EFT, NnLO is the hadronic cross section resulting from the convolution of the effective theory

NNLO partonic cross section with NnLO parton distribution functions. For both orders we use PDF sets
provided by the PDF4LHC working group [48].
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δPDF δαS δscale δPDF-theo δEW δtbc δ 1
mt

± 2.5% ± 2.9% +0.8%
−1.9% ± 2.7% ± 1% ± 0.8% ± 1%

Table 3: Various sources of uncertainties of the inclusive gluon fusion Higgs production cross section at a 100
TeV proton-proton collider.

2.1.5 Summary
In this section we have discussed state-of-the-art predictions for the inclusive Higgs boson production
cross section via gluon fusion at a 100 TeV proton-proton collider. This inclusive cross section will be
accessible experimentally at percent level precision and an in-depth theoretical understanding of this
observable is consequently paramount to a successful Higgs phenomenology program at the FCC.

Already now we are in the position to derive high-precision predictions for this cross section. The
current state-of-the-art prediction with its associated uncertainties is:

σ = 802 pb +6.1%
−7.2%(δtheo)+2.5%

−2.5%(δPDF)+2.9%
−2.9%(δαs). (11)

A more detailed summary of all sources of uncertainties we included can be found in Table 3. In Eq. (11)
we combined all but the PDF and αS uncertainty linearly to obtain one theoretical uncertainty δtheo for
the gluon fusion Higgs production cross section at 100 TeV. It is interesting to see how the inclusive cross
section is comprised of the different contributions discussed above. The breakdown of the cross section
is

802pb = 223.7 pb (LO, RLO × EFT)

+ 363.1 pb (NLO, RLO × EFT)

− 37.2 pb ((t, b, c), exact NLO)

+ 181.1 pb (NNLO, RLO × EFT)

+ 8.2 pb (NNLO, 1/mt)

+ 39.5 pb (Electro-Weak)

+ 23.6 pb (N3LO, RLO × EFT). (12)

The experimental and theoretical advances in anticipation of a 100 TeV collider will help to elevate
the inclusive Higgs production cross section to an unprecedented level of precision that will enable future
collider studies to tackle the precision frontier. Improvements of the experimental methods and extraction
methods as well as refined theoretical predictions will lead to more precise determinations of the strong
coupling constant and of the parton distributions. This will serve to greatly reduce the dominant sources
of uncertainty that plague the Higgs cross section at the current level of precision. One of the most
important advances for precision in anticipation of a 100 TeV collider will be the extraction of N3LO
parton distribution functions. This will unlock the full benefit of the N3LO calculation of partonic cross
section and lead to a significant reduction of the residual uncertainty. Another milestone for theoretical
predictions will be computation of the NNLO partonic cross sections with full dependence on the quark
masses. This computation would simultaneously shrink the uncertainties due to δtbc as well as δ 1

mt

.

Furthermore, an improved understanding of electroweak effects will be highly desirable. In particular a
full calculation of the mixed QCD and electroweak corrections to Higgs production will lead to a better
control of the residual uncertainties and bring the inclusive Higgs cross section to an even higher level of
precision.
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2.2 Higgs plus jet and Higgs pT spectrum in gg → H

In this section we study the production of Higgs in gluon fusion in association with one extra jet and
more in general we analyze the transverse momentum spectrum of the Higgs. Results in this section are
obtained using MCFM [53] and [54].

2.2.1 Jet veto efficiencies
At 100 TeV, extra jet radiation is enhanced and a significant fraction of Higgs boson events is produced in
association with one or more extra jets. To quantify this statement, in Fig. 5 we plot the jet veto efficiency
at 100 TeV, defined as the fraction of exactly 0-jet events in the total Higgs sample

ε(pt,veto) ≡ 1− Σ1−jet,incl(pt,veto)

σtot
, (13)

as well as the one-jet inclusive cross section as a function of the jet transverse momentum requirement,
Σ1−jet,incl(pt,veto) ≡

∫∞
pt,veto

dσ
dpt,jet

dpt,jet. Throughout this section, jets are reconstructed with the anti-kt

ε(
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Fig. 5: Jet veto efficiency (left) and 1-jet inclusive cross section for Higgs production in gluon fusion at 100 TeV,
see text for details.

algorithm with R = 0.4. No rapidity cut on the jet is applied. The efficiency and one-jet cross section
shown in Fig. 5 are computed both in pure fixed-order perturbation theory (red/solid) and matched to
NNLL lnmH/pt,veto and LL jet-radius lnR resummation (blue/hatched). The uncertainties are obtained
with the Jet-Veto-Efficiency method, see [55] for details. For a jet pt of ∼ 60 GeV, Fig. 5 shows that
about 30% of the total Higgs cross section comes from events with one or more jets. Also, for jet
transverse momenta larger than ∼ 60 GeV it is also clear from Fig. 5 that pure fixed-order perturbation
theory provides an excellent description of the jet efficiencies and cross sections. All-order resummation
effects become sizable at smaller transverse momenta, where however soft physics effects like underlying
event and MPI may play an important role at the centre-of-mass energies considered in this report.

2.2.2 The Higgs pT spectrum
We now study the Higgs cross-section as a function of a cut on the transverse momentum of the Higgs
boson σ(pT,H > pt,cut). Recently, NNLO predictions for the Higgs transverse momentum spectrum
became available [54,56–59]. Unfortunately, all these computations are performed in the Higgs Effective
Theory approximation, where the top quark is integrated out and the Higgs couples directly to gluons
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Fig. 6: Higgs differential (top) and integrated (bottom) pt spectrum, comparing the results of the calculation with
the exact mtop dependence, and in the effective field theory (EFT) approximation.

via a point-like effective interaction. As such, they are only reliable for energy scales well below the
top mass. In the full theory, the Higgs transverse momentum distribution is only known at leading order.
In Fig. 6, we compare the LO distributions for the effective mt → ∞ and full (resolved top) theory.
This figure clearly shows the breakdown of the Higgs Effective Theory at high pt. Finite top quark
effects at high pt are more important than perturbative QCD corrections, despite the latter being large.
To quantify this statement, we show in the left panel of Fig. 7 the LO, NLO and NNLO predictions for
the transverse momentum spectrum in the effective theory. We see that QCD corrections can lead to
∼ 100% corrections, while Fig. 6 shows that the full theory deviates from the effective one by 1-2 order
of magnitudes in the high pt regime. Because of this, in this section we will use the LO prediction with
full quark mass dependence, which as we already said is the best result available right now. Given its LO
nature, these predictions are affected by a very large scale uncertainty. To choose an optimal scale for LO
predictions, we study the perturbative convergence in the effective theory. In Fig. 7 we show the impact
of higher order corrections for the central scale µ =

√
m2
H + p2

t,H/2. With this choice, the impact of
higher order corrections is somewhat reduced, and we will use this as a default for all the predictions in
this section. Fig. 7 suggests that this should be a good approximation in the whole pt range considered
here up to a factor of about 2.
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Fig. 8: Channel decomposition of the Higgs total cross section, as a function of the Higgs transverse momentum.
See text for details.

From the result in Fig. 6 it is clear that even for very large values of the Higgs transverse momen-
tum the cross section is non negligible. This, combined with a projected luminosity target in the ab−1

range, will allow for detailed studies of Higgs boson production at very high transverse momentum in
all the major decay channels. To quantify this statement, in Table 4 we report the value of the transverse
momentum cut pt,cut for which σ(pt,H > pt,cut) is larger than ∼ 1 fb/1 ab. Fig. 6 also indicates that at
a 100 TeV collider a detailed study of the structure of the ggH coupling would be possible through an
analysis of the Higgs transverse momentum shape. Indeed, it will be possible to investigate the energy
dependence of the ggH coupling from scales ∼ mH all the way up to the multi-TeV regime. This can
provide valuable information on possible BSM effects in the Higgs sector, see e.g. [60] for a general
discussion and [61] for a more targeted analysis at a 100 TeV collider. In this context, it may also be
interesting to study the channel decomposition of the full result. For our scale choice, this is shown in
Fig. 2.2.2. We see a cross-over between a gg-dominated regime to a qg dominated regime around ∼ 2.5
TeV. We conclude a general analysis of differential distributions for Higgs production in association with
one extra jet by showing in Fig. 9 the Higgs and jet rapidity distributions at 100 TeV compared with the
same at 13 TeV. It is clear that a wider rapidity coverage is desirable at 100 TeV.

Finally, we consider differential distributions of Higgs decay products. As a case of study, we
consider the H → WW channel and study the kinematics distributions of the final state leptons. We
consider two scenarios, one with a mild cut p⊥,H > 60 GeV on the Higgs transverse momentum and one
with a much harder cut p⊥,H > 1 TeV. For reference, the total cross section for pp → H → WW →
2l2ν in the two cases is σ = 470/0.1 fb for the low/high cut. Results are shown in Fig. 10. While
the di-lepton invariant mass shape is very stable with respect to the pt cut, both the di-lepton pt and
azimuthal separation shapes change significantly. As expected, the pt,ll spectrum shifts towards higher
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σ(pt > pt,cut)×BR = 1 fb σ(pt > pt,cut)×BR = 1 ab

H → bb̄ pt,cut = 1860 GeV pt,cut = 5380 GeV
H → τ τ̄ pt,cut = 1240 GeV pt,cut = 3950 GeV

H → µ+µ− pt,cut = 340 GeV pt,cut = 1570 GeV

H → cc̄ pt,cut = 1070 GeV pt,cut = 3520 GeV
H → ss̄ pt,cut = 350 GeV pt,cut = 1600 GeV

H → gg pt,cut = 1320 GeV pt,cut = 4130 GeV
H → γγ pt,cut = 620 GeV pt,cut = 2350 GeV
H → Zγ pt,cut = 570 GeV pt,cut = 2200 GeV

H →W+W− pt,cut = 1560 GeV pt,cut = 4700 GeV
H → ZZ pt,cut = 1050 GeV pt,cut = 3470 GeV

Table 4: Cross-section times branching ratio as a function of pt,cut. Each entry corresponds to the pt,cut value.
No V V → 4l branching ratio included.

1/
σ
j
×

d
σ
j
/d
y H

yH

FCC100
LHC13

−0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

−8 −6 −4 −2 0 2 4 6 8

1/
σ
j
×

d
σ
j
/d
y j

yj

FCC100
LHC13

−0.02
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

−8 −6 −4 −2 0 2 4 6 8

Fig. 9: Higgs and leading jet rapidity distributions, normalized to the total cross section.

values of pt. The characteristic peak at small φ of the lepton azimuthal separation becomes more and
more pronounced as the Higgs pt increases.
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2.3 Higgs plus jets production in gg → H

In this section we present NLO QCD results for the production of a Standard Model Higgs boson in
association with up to three jets in gluon-gluon fusion (GGF). If not stated differently, the computations
are done in the approximation of an infinitely heavy top quark using the same effective field theory
Lagrangian presented in Eq. (4).

Gluon–gluon fusion is not only the largest Higgs boson production channel, but, as already shown
in Section 2.1, it is also characterized by very large higher-order corrections. Although less dramatic
than in the fully inclusive case of Higgs boson production, the production in association with jets also
suffers from large corrections due to NLO effects. In this section we will study how this changes when
the center-of-mass energy increases from 14 to 100 TeV.

Gluon fusion is also the largest background for Higgs boson production through vector boson
fusion (VBFH). Despite the very peculiar experimental signature of the VBFH channel, whose topology
allows to define fiducial cuts which reduce the backgrounds dramatically, the contamination from GGF
remains a very important aspect at LHC energies. It is therefore interesting to study the impact of typical
VBFH-type selection cuts on the GGF background also at FCC energies.

Another important aspect to keep in mind, is the limited range of validity of the effective field
theory description, in which the top quark is integrated out. As already shown for the inclusive case in
previous sections, finite top quark and bottom quark mass effects can become large when the transverse
energy is large enough to resolve the quark loop that couples the Higgs boson to gluons. At the end of
this section, we will investigate the impact of these corrections presenting LO results in the full theory.

2.3.1 Computational setup
The computation is performed using the setup developed for an analogous analysis at 8 and 13 TeV [62],
and is based on the automated tools GOSAM [63, 64] and SHERPA [65], linked via the interface defined
in the Binoth Les Houches Accord [66, 67].

The one-loop amplitudes are generated with GOSAM, and are based on an algebraic generation of
d-dimensional integrands using a Feynman diagrammatic approach. The expressions for the amplitudes
are generated employing QGRAF [68], FORM [69, 70] and SPINNEY [71]. For the reduction of the
tensor integrals at running time, we used NINJA [72, 73], which is an automated package carrying out
the integrand reduction via Laurent expansion [74], and ONELOOP [75] for the evaluation of the scalar
integrals. Unstable phase space points are detected automatically and reevaluated with the tensor integral
library GOLEM95 [76–78]. The tree-level matrix elements for the Born and real-emission contribution,
and the subtraction terms in the Catani-Seymour approach [79] have been evaluated within SHERPA

using the matrix element generator COMIX [80].

Using this framework we stored NLO events in the form of ROOT Ntuples. Details about the
format of the Ntuples generated by SHERPA can be found in [81]. The predictions presented in the
following were computed using Ntuples at 14 and 100 TeV with generation cuts specified by

pT, jet > 25 GeV and |ηjet| < 10 ,

and for which the Higgs boson mass mH and the Higgs vacuum expectation value v are set to mH =
125 GeV and v = 246 GeV, respectively. To improve the efficiency in performing the VBFH analysis
using the selection cuts described below, a separate set of Ntuples was generated. This set includes
an additional generation cut on the invariant mass of the two leading transverse momentum jets. To
generated large dijet masses from scratch, we require mj1j2 > 1600 GeV.

The results reported here are obtained by clustering jets with the anti-kT algorithm [82, 83] em-
ploying a cone radius of R = 0.4. We utilized the implementation as provided by the FASTJET pack-
age [84], and also relied on using the CT14nlo PDF set [85] in the calculations presented here. In order
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Numbers in pb σ14 TeV
LO σ14 TeV

NLO σ100 TeV
LO σ100 TeV

NLO NLO Ratio

H+1 jet

pT, jet > 30 GeV 9.39+38%
−26% 15.4+15%

−15% 217+21%
−17% 336+10%

−9% 21.8

pT, jet > 50 GeV 5.11+39%
−26% 8.49+15%

−15% 135+22%
−18% 215+11%

−10% 25.3

pT, jet > 100 GeV 1.66+40%
−27% 2.73+15%

−16% 58.2+24%
−19% 92.1+11%

−11% 33.7

pT, jet > 300 GeV 0.11+43%
−28% 0.17+15%

−16% 8.51+28%
−21% 13.2+11%

−11% 77.6

H+2 jets

pT, jet > 30 GeV 3.60+57%
−34% 5.40+12%

−18% 148+40%
−27% 174−2%

−8% 32.2

pT, jet > 50 GeV 1.25+58%
−34% 1.96+15%

−19% 65.0+41%
−27% 83.7+3%

−11% 42.7

pT, jet > 100 GeV 0.22+58%
−34% 0.36+17%

−20% 17.7+42%
−28% 24.6+8%

−13% 68.3

pT, jet > 300 GeV 6.35 · 10−3 +57%
−34% 1.03 · 10−2 +17%

−20% 1.41+43%
−28% 2.07+10%

−14% 202.9

H+3 jets

pT, jet > 30 GeV 1.22+76%
−40% 1.77+9%

−21% 89.0+58%
−34% 84.3−24%

−5% 47.6

pT, jet > 50 GeV 0.29+75%
−40% 0.46+15%

−23% 29.8+58%
−34% 32.9−10%

−10% 71.5

pT, jet > 100 GeV 3.07 · 10−2 +74%
−40% 4.95 · 10−2 +19%

−23% 5.61+57%
−34% 7.04+1%

−14% 142.1

pT, jet > 300 GeV 2.97 · 10−4 +71%
−39% 4.86 · 10−4 +20%

−23% 0.24+56%
−34% 0.34+9%

−16% 700.2

Table 5: Total inclusive cross sections for the production of a Higgs boson in association with one, two or three
jets at LO and NLO in QCD. Numbers are reported for center-of-mass energies of 14 and 100 TeV and four choices
of transverse momentum cuts on the jets, namely pT, jet > 30, 50, 100 and 300 GeV. The last column shows the
ratios between the NLO cross sections at the two center-of-mass energies. The uncertainty estimates are obtained
from standard scale variations.

to assess the impact of varying the transverse momentum threshold for the jets, we apply four different
cuts at

pT, jet > 30, 50, 100 and 300 GeV ,

and keep the same cut on ηjeta s in the Ntuples generation. For the VBFH analysis, we then apply
additional cuts as described further below in Section 2.3.3

The renormalization and factorization scales were set equal, and are defined as

µR = µF =
Ĥ ′T
2

=
1

2

(√
m2
H + p2

T,H +
∑

i

|pT, ji |
)
. (14)

The sum runs over all partons accompanying the Higgs boson in the event. Theoretical uncertainties are
estimated in the standard way by varying the central scale by factors of 0.5 and 2.

2.3.2 Gluon fusion results
We start by summarizing in Table 5 the total inclusive cross sections for the production of a Higgs boson
in gluon-gluon fusion accompanied by one, two or three additional jets. We show results at LO and
NLO in QCD for pp collisions at 14 and 100 TeV. Furthermore, the total cross sections are given for
four different pT, jet cuts on the jets. In the last column we show the ratio of the NLO result for 100 TeV
over the NLO result for 14 TeV. This ratio significantly increases when the pT, jet cut is tightened, and
it also strongly increases as a function of the jet multiplicities. This can be easily understood by the
fact that in a 100 TeV environment, the cuts appear much less severe than for 14 TeV; their impact on
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Fig. 11: The transverse momentum spectrum pT,H and the rapidity distribution yH of the Higgs boson at 100 TeV
for the three production modes H+1, 2, 3 jets. Results are shown at LO and NLO including the effect from standard
scale variations and imposing a jet threshold of pT, jet > 100 GeV. The second panel depicts the NLO ratios taken
wrt. reference results obtained with pT, jet > 50 GeV; the other ratio plot panels display the differential K-factors
for the different jet multiplicities.

the lower energy is therefore larger. For the same reasons, this pattern is also found for the number of
jets. With rising center-of-mass energy, it becomes easier to produce additional jets, which leads to the
enhancement of the inclusive cross section ratio.

Turning to more exclusive observables, Fig. 11 shows (to the left) the transverse momentum distri-
bution and (to the right) the rapidity distribution of the Higgs boson at 100 TeV with a transverse momen-
tum requirement on the jets of pT, jet > 100 GeV. The different colours denote the various jet multiplic-
ities. The brighter bands show the LO predictions with their respective uncertainties, whereas the NLO
results are displayed by darker bands. As we deal with fixed-order predictions, we observe for the pT,H
distributions – as expected – Sudakov shoulder effects decreasing in their extent at pT ∼ 100, 200 and
300 GeV for the one-jet, two-jet and three-jet final states, respectively. The uppermost ratio plot shows
the results for pT, jet > 100 GeV divided by the corresponding results of the same jet multiplicity, but
with a pT, jet threshold of 50 GeV. As expected this ratio gets smaller for higher jet multiplicities, which
means the more jets are present, the more sensitively the cross section changes in response to a jet thresh-
old increase. In the one-jet case we find that the ratio turns one for pT,H > 200 GeV. Below this value,
the 50 GeV threshold sample contains event topologies that are absent for pT, jet > 100 GeV. The ratio
will hence be smaller than one. For example, a configuration consisting of a jet with pT = 99.9 GeV
and a real emission of size pT = 99.8 GeV will be present for 50 GeV thresholds but be missed by the
higher pT, jet sample. Lastly we note that the size of the K-factors decreases for jettier final states. We
also observe that the 100 TeV environment allows for a wide range of Higgs boson rapidities independent
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Fig. 12: The transverse momentum spectrum pT,H of the Higgs boson and the rapidity distribution yj1 of the
leading jet, both of which shown at LO and NLO, and for different transverse momentum requirements on the
jets in H+2-jet scatterings as produced at a 100 TeV pp collider. The comparison to the H+1-jet case at NLO
is visualized in the first ratio plot, followed by the canonical NLO versus LO ratio plots for the different pT, jet

values. All uncertainty envelopes originate from standard scale variations by factors of two.

of the jet multiplicity. One easily gains two absolute units wrt. the capabilities of the LHC.

The left plot of Fig. 12 shows again transverse momentum distributions of the Higgs boson, how-
ever in this case we only consider the curves for H+2 jets at 100 TeV. Here, we examine the impact of
tightening the transverse momentum cut on the jets. The typical shoulder present for pT, jet > 30 GeV
progressively disappears for increasing values of pT, jet such that the corresponding distribution for
pT, jet > 300 GeV becomes almost flat in the range from 100 to 500 GeV. In the right plot of Fig. 12,
the analogous comparison for the rapidity of the leading jet is presented. As expected, the successively
harder jet constraints lead to a more central production of the jets reducing the rapidity range where the
differential cross section is larger than 1 fb by about six units. In both plots of Fig. 12, the first ratio
plot highlights the behaviour of the fraction between the inclusive results for H+2 jets and H+1 jet.
While for the Higgs boson transverse momentum, this fraction varies considerably and can reach one
in phase space regions of near-zero as well as large pT,H (earmarking the important two-jet regions),
for the leading jet rapidity, the maximum occurs always at yj1 = 0 decreasing from about 0.6 to 0.2
once the jet transverse momentum cut is tightened. This shows that the leading jet tends to be produced
more centrally in events of higher jet multiplicity. An increase of the transverse momentum cut also has
consequences on the size and shape of the NLO corrections. This is shown in the lower insert plots.
In general, for sharper cuts, the higher-order corrections become larger but flatter over the considered
kinematical range. Similar results are also obtained for the H+3-jet process.

Figure 13 focuses on the leading jet transverse momentum. The plot on the left hand side compares

20

CHAPTER 2: HIGGS AND EW SYMMETRY BREAKING STUDIES

274



0.0

0.2

0.4

0.6

0.8

1.0

1.2

H
+

n
(p
T
,j

e
t
)/

H
+

n
(p
T
,r

e
f
)

Ratio wrt. softer pT,jet threshold.
NLO/NLO

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

100 200 300 400 500

Leading-jet transverse momentum: pT,j1 [GeV]

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

10−5

10−4

10−3

10−2

10−1

100

101
d
σ
/d
p T

,j
1

[p
b

/G
eV

]

GoSam + Sherpa
pp→H + 1, 2, 3 jets at 100 TeV

CT14nlo, R = 0.4 anti-kT, |ηjet| < 10, pT,jet = 100 GeV, pT,ref = 50 GeV

LO H+1

LO H+2

LO H+3

NLO H+1

NLO H+2

NLO H+3

0.0

0.2

0.4

0.6

0.8

1.0

1.2

H
+

n
/

H
+

n
-1

Inclusive n-jet fraction wrt. (n− 1)-jet cross section.
NLO/NLO

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

100 200 300 400 500

Leading-jet transverse momentum: pT,j1 [GeV]

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

10−5

10−4

10−3

10−2

10−1

100

101

d
σ
/d
p T

,j
1

[p
b

/G
eV

]

GoSam + Sherpa
pp→H + 2 jets at 100 TeV

CT14nlo, R = 0.4 anti-kT, |ηjet| < 10

LO @ pT,jet = 30 GeV

LO @ pT,jet = 100 GeV

LO @ pT,jet = 300 GeV

NLO @ pT,jet = 30 GeV

NLO @ pT,jet = 100 GeV

NLO @ pT,jet = 300 GeV

Fig. 13: The transverse momentum distribution pT, j1 of the leading jet at an FCC energy of 100 TeV for the
three production modes of H+1, 2, 3 jets (left) and varying jet-pT thresholds exemplified for the case of H+2-jet
production (right). The layout of the plot to the left (right) is the same as used in Figure 11 (Figure 12).

predictions for H+1, 2, 3 jets with one another at LO and NLO for a jet threshold of pT, jet > 100 GeV.
The scheme of the lower ratio plots is equal to the one of Fig. 11. For pT,j1 ≈ 300 GeV, we see that
60% (30%) of the inclusive two-jet (three-jet) events (using the reference jet threshold) have a second jet
at or above a transverse momentum of 100 GeV. The plot on the right hand side instead shows the effect
of the different jet transverse momentum constraints for H+2 jets production at 100 TeV, following the
colour convention and the scheme of Fig. 12. For lower jet thresholds, the two-jet cross section rises
quickly with increasing lead-jet pT to the same order of magnitude as the one-jet cross section. We find
that an increase of the jet-pT constraint helps slow down this behavior sufficiently.

The plots of Fig. 14 show the rapidity separation between the Higgs boson and the leading jet
(on the left) and between the two leading jets (on the right). In the former case, the distributions show
the results for the three different final state multiplicities, whereas in the latter case, the curves refer to
the H+3-jet process and compare the impact of the different jet transverse momentum cuts. For both
observables, the large production rates and the huge available phase space allow to have differential cross
sections, which for separations as large as three units in ∆y, are only a factor of two smaller than the ones
at zero rapidity separation. Independent of the jet multiplicity, both NLO corrections as well as tighter
jet definitions trigger enhancements in the ∆yH, j1 distribution (left panel) for configurations where the
Higgs boson and the leading jet are close in rapidity. For the ∆yj1, j2 variable (right panel), a rather
uniform behaviour is found while changing the jet threshold: the three-jet over two-jet fraction as well
as the K-factors remain rather constant over the entire ∆y range.

Additional two-particle observables are presented in Fig. 15. The left plot shows the radial sepa-
ration between the Higgs boson and the closest jet for H+1, 2 and 3-jet production. As expected, with

21

CHAPTER 2: HIGGS AND EW SYMMETRY BREAKING STUDIES

275



0.0

0.1

0.2

0.3

0.4

0.5

0.6

H
+

n
(p
T
,j

e
t
)/

H
+

n
(p
T
,r

e
f
)

Ratio wrt. softer pT,jet threshold.
NLO/NLO

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

0 1 2 3 4 5 6 7 8
Higgs-boson leading-jet rapidity separation: ∆yH, j1

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

10−2

10−1

100

101

102

d
σ
/d

∆
y H

,j
1

[p
b

]
GoSam + Sherpa

pp→H + 1, 2, 3 jets at 100 TeV

CT14nlo, R = 0.4 anti-kT, |ηjet| < 10, pT,jet = 100 GeV, pT,ref = 50 GeV

LO H+1

LO H+2

LO H+3

NLO H+1

NLO H+2

NLO H+3

0.0

0.1

0.2

0.3

0.4

0.5

0.6

H
+

n
/

H
+

n
-1

Inclusive n-jet fraction wrt. (n− 1)-jet cross section.
NLO/NLO

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

1 2 3 4 5 6
Tagging jet rapidity separation: ∆yj1, j2

0.5

1.0

1.5

2.0

N
L

O
/
L

O

Differential K-factor.

10−3

10−2

10−1

100

101

102

d
σ
/d

∆
y j

1
,j

2
[p

b
]

GoSam + Sherpa
pp→H + 3 jets at 100 TeV

CT14nlo, R = 0.4 anti-kT, |ηjet| < 10

LO @ pT,jet = 30 GeV

LO @ pT,jet = 100 GeV

LO @ pT,jet = 300 GeV

NLO @ pT,jet = 30 GeV

NLO @ pT,jet = 100 GeV

NLO @ pT,jet = 300 GeV

Fig. 14: The rapidity separation ∆yH, j1 between the Higgs boson and the hardest jet in H+1, 2, 3-jet production
and the rapidity separation ∆yj1, j2 between the two hardest jets in H+3-jet production at a 100 TeV proton–proton
collider. The spectra for the latter are shown for varying jet-pT thresholds. Again, the layout of the left and the
right plot corresponds to the layout employed in Fig. 11 and 12, respectively.

an increasing number of jets in the final state, the average radial separation between the Higgs boson and
the closest jet decreases. As a consequence, for small radius separations, the contributions from all three
jet multiplicities are of similar size, whereas for values larger than π, it is the lower multiplicities that
dominate for obvious kinematical reasons. We also take from the first ratio plot that a higher jet threshold
leads to more centrally produces jets such that there is a small rate increase at low ∆Rmin for two- and
higher jet multiplicities. Furthermore, the NLO corrections can be as large as 100% and in case of H+3
jets, theK-factor can as well be significantly smaller than one. The right plot presents predictions for the
dijet invariant mass of the two leading jets in H+3-jet production for different jet transverse momentum
thresholds. It is interesting to observe that because of the vast phase space, the distributions fall off very
slowly and for a transverse momentum threshold of pT, jet > 300 GeV, the maximum of the distribution
actually lies above 1 TeV. Looking at the impact of higher-order contributions in the lower three panels,
we observe that these corrections slightly increase for larger jet thresholds but for all three choices, the
K-factor remains flat to a good approximation. In the second panel we instead consider the cross section
ratios at NLO between successive pT, jet. They show that any jet threshold step-up by a factor of three
results in a reduction of at least one order of magnitude.

2.3.3 Results with vector boson fusion selection criteria
In order to quantify the number of GGF background events passing the VBFH selection criteria, we
present results for which we applied the following VBFH-type cuts on top of the baseline set of con-
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Fig. 15: The geometric separation ∆Rmin, H, jk between the Higgs boson and the jet closest to it, and the invariant
mass distribution of the leading dijet system at a 100 TeV proton–proton collider. For the former, distributions are
shown for H+1, 2, 3-jet production, while for the latter, the jet-pT thresholds are varied to show the corresponding
distributions obtained from H+3-jet events. The colour coding and plot layout is as previously described with the
only exception that the upper ratios in the left panel are taken between successive pT, jet results for the same jet
multiplicity.

straints defined in the previous section:

mj1j2 > 1600 GeV , |∆yj1, j2 | > 6.5 , yj1 · yj2 < 0 . (15)

In Table 6 the total cross sections for a center-of-mass energy of 100 TeV are summarized. Differential
distributions will be discussed in a slightly different context in one of the later sections, see Section 2.5,
together with the results obtained from the VBF@NNLO computations.

2.3.4 Finite quark mass effects
It is well known that the infinitely large top quark mass approximation has a restricted validity range,
and that for energies large enough to resolve the massive top quark loop, the deviations start to become
sizeable. In order to quantify better the effects due to finite quark masses, in the following we compare
LO predictions in the effective theory with computations in the full theory. We consider here only
massive top quarks running in the loop. The effect of massive bottom quarks for a center-of-mass energy
of 100 TeV can be safely neglected. For the top quark mass, we use mt = 172.3 GeV. Compared to the
results shown in the previous section, we now impose a more restrictive cut on the pseudo-rapidity of the
jets, demanding |ηjet| < 4.4; the impact of this cut is however fairly minimal on the observables that we
are considering.
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Numbers in pb σ100 TeV
LO σ100 TeV

NLO

H+2 jets

pT, jet > 30 GeV 4.60+56%
−33% 4.70−17%

−7%

pT, jet > 50 GeV 1.71+56%
−34% 1.98−6%

−11%

pT, jet > 100 GeV 0.26+57%
−34% 0.31−3%

−13%

pT, jet > 300 GeV 5.10 · 10−3 +58%
−34% 6.20 · 10−3 −1%

−14%

Table 6: Total inclusive cross sections for the production of a Higgs boson in association with two jets at LO
and NLO in QCD after the application of the VBF selection criteria stated in Eq. 15. Numbers are reported for a
center-of-mass energy of 100 TeV and four choices of transverse momentum cuts, namely pT, jet > 30, 50, 100

and 300 GeV. The uncertainty envelopes are obtained from standard scale variations.

Before turning to the discussion of a handful of differential cross sections, we compare the pre-
dictions for the total inclusive cross section in the effective theory at LO and NLO, and in the full theory
at LO; Table 7 lists the results for various jet-pT thresholds. We also indicate the reduction of the LO
cross section induced by the incorporation of finite top quark mass effects. As expected, this reduction
becomes more pronounced for increasing values of pT, jet turning the finite mass corrections into the
dominant effect for pT, jet & 100 GeV. This effect becomes even more dramatic when increasing the
multiplicity from H+2 jets to H+3 jets.

Figure 16 shows predictions for the transverse momentum distribution of the Higgs boson (left),
and for the leading dijet invariant mass (right). We observe that for the transverse momentum, the finite
top mass effects start to become important at values of pT,H ≈ 300 GeV. Interestingly, the NLO
corrections for the given scale choice show the same qualitative behaviour as the LO contribution in
the full theory. In particular for the H + 3-jet process, the full theory and the NLO effective theory

Numbers in pb σ100 TeV
LO σ100 TeV

NLO σ100 TeV
LO,full σ100 TeV

LO,full /σ
100 TeV
LO

H+2 jets

pT, jet > 30 GeV 124+39%
−27% 156+3%

−10% 120+39%
−26% 0.968

pT, jet > 50 GeV 57.3+40%
−27% 76.5+6%

−11% 52.2+40%
−27% 0.911

pT, jet > 100 GeV 16.5+41%
−28% 23.3+9%

−13% 13.1+41%
−27% 0.794

pT, jet > 300 GeV 1.40+43%
−28% 2.05+10%

−14% 0.62+43%
−28% 0.443

H+3 jets

pT, jet > 30 GeV 70.4+56%
−34% 72.6−15%

−8% 63.0+56%
−34% 0.895

pT, jet > 50 GeV 25.2+56%
−34% 29.3−5%

−11% 20.8+56%
−34% 0.825

pT, jet > 100 GeV 5.13+56%
−34% 6.57+3%

−14% 3.46+57%
−34% 0.674

pT, jet > 300 GeV 0.24+56%
−34% 0.33+9%

−16% 0.07+60%
−35% 0.292

Table 7: Total inclusive cross sections for the hadro-production of a Higgs boson in association with two as well
as three jets at a center-of-mass energy of 100 TeV. The LO results as predicted by the full theory are shown in
the next-to rightmost column, and are compared to the results from the effective theory at LO and NLO. Note
that all cross section are obtained for the basic gluon fusion selection, however imposing a narrower jet rapidity
requirement of |ηjet| < 4.4. Again, rates are calculated for up to four choices of jet-pT thresholds, namely
pT, jet > 30, 50, 100 and 300 GeV. The last column lists the ratios between the LO predictions of the full and
effective theory.
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Fig. 16: The impact of finite top quark mass effects in the loop-induced emission of a Higgs boson in GGF H+n-
jet production at a 100 TeV proton–proton collider. LO results based on the full and effective theory as well as
NLO results using the effective theory are shown (to the left) for the transverse momentum spectrum, pT,H , of the
Higgs boson and (to the right) for the invariant mass distribution, mj1j2 , of the leading dijet system. The H+2-jet
and H+3-jet predictions are grouped in separate ratio plots using the respective LO results as their reference.
Uncertainty bands are derived from standard scale variations.

seem to almost give the same prediction, except for the size of the scale variations. On the contrary
the predictions for the invariant mass distributions in the full theory only mildly deviate from the ones
computed in the effective theory; again the tails are somewhat softer. For both H+2 jets and H+3 jets,
the NLO predictions remain within the respective scale uncertainties of the LO results over the whole
range shown in the figure. In addition, the shapes of the NLO effective and LO full theory show a fairly
similar behaviour. In the two-jet case there is however a clear rate difference due to the considerably
greater-than-one K-factor.

The last figure exemplifies how severe deviations can become between the full and effective theory
description for the hardness of transverse particle/jet production. This is nicely demonstrated by means
of the HT, jets distribution shown to the left of Fig. 17. The finite top quark mass effects clearly dominate
over the NLO corrections calculated in the effective theory. The H+2-jet case in particular demonstrates
the extreme and opposite behaviour of both effects – a large K-factor on the one side versus an even
more effective suppression of the HT tail on the other side by about 70-80%. While the finite mass
effects always suppress the rate for hard jet production, the NLO corrections can lead to an enhancement
as seen for H+2 jets as well as to a reduction as we observe in the H+3-jet case.

As in the previous figure, we contrast two different types of observables with each other. In the
right panel of Fig. 17 we therefore display an angular correlation, more precisely we show the azimuthal
angle separation between the leading and subleading jet. This kind of observable is important in pre-
cision coupling measurements, and although the corrections tend to be much smaller, they have to be
understood in detail to satisfy the demand for high precision. Here, both the NLO corrections and finite
mass effects lead to similar shape changes, suppressing small-angle contributions while the back-to-back
configurations receive an (effective) enhancement (due to the finite mt treatment). This time, we notice
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Fig. 17: Finite top quark mass effects in GGF-based H+n-jet production arising from collisions of protons at
100 TeV. The jets-only scalar sum of transverse momenta, HT, jets, and the azimuthal angle distribution, ∆φj1, j2 ,
between the leading and subleading jet are shown to the left and right, respectively. The differential spectra (and
associated uncertainties from scale variations) were obtained from the full theory at LO, and the effective theory
at LO (providing the references) and NLO. The upper ratio plot contains the H+2-jet predictions while the lower
one depicts those for H+3 jets.

a slight increase of the mt effects (from 10% to 20%) for the final states of higher jet multiplicity.

2.3.5 Conclusions
In this section we studied the associate production of a Standard Model Higgs boson in association with
up to three jets in gluon–gluon fusion. We compared LO and NLO QCD predictions for several different
cuts on the transverse momentum of the jets and also produced results with VBFH-type cuts, which
are compared with VBF predictions in Section 2.5. Because of the large center-of-mass energy and the
huge available phase space, the production rates become much larger compared to LHC energies. This
can be observed in particular when comparing the relative size of contributions coming from different
multiplicities. In the last part of this section, we studied the impact of finite quark mass effects. For
typical jet transverse momentum cuts, which at FCC energies are likely to be of the order of 100 GeV,
these corrections are non-negligible and their impact is in general larger than NLO QCD corrections in
the effective theory. Moreover, all quantities that are related to measuring the transverse activity of the
H+n-jet processes will receive significant corrections reducing the cross section in the hard regions.
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2.4 Associated V H production
Associate production of the Higgs and gauge bosons mostly arises from the Higgs-strahlung processes
qq̄ → V ∗ → V H (V = W,Z). These provide direct probes of the V V H couplings.

Cross sections for HV associated production in hadron collisions are studied since long. For
the inclusive cross sections, up to NNLO QCD corrections are available in the program vh@nnlo [86–
88]. Furthermore, programs have been developed for the computation of fully differential distributions
including NNLO QCD corrections [89–92], the EW corrections [93, 94] and event generators matching
and merging NLO QCD corrections for VH+jets production to parton showers [95–97]. Finally, the
computation of NNLO QCD corrections matched with parton shower has been worked out in Ref. [98],
reweighting events samples obtained with the code presented in Ref. [95] with the histograms obtained
with the program of Ref. [91] and relying for the level of accuracy on the theorems presented in [99]. The
results in Table 8 have been obtained using vh@nnlo and the NNPDF30_nnlo_as_0118 [100] pdf set.
The central renormalisation and factorisation scales have been set both to the mass of the HV system.
For the estimate of the scale uncertainty reported in the table, we varied them independently up to a
factor of 3 with the constraint µf · µr ≤ 2.

σtot[pb] δPDF [pb] δscale[pb] σDY [pb] σggHV [pb] σtop[pb]

HW 15.710 ±0.024 +0.010
−0.020 15.403 − 0.307

HZ 11.178 ±0.022 +0.062
−0.044 8.946 2.069 0.163

Table 8: Total cross sections σ(V H), including up to NNLO QCD corrections, and respective PDF and PDF
uncertainties.

Figure 9 shows the cross sections for the WH process, with different selection cuts for the asso-
ciated jet activity.

σNNLO [fb] @ 100 TeV
HW+(→ He+νe)

no cuts no jets with at least 1 jet with at least 1 jet with at least 1 jet with
pT > 100 GeV pT > 100 GeV pT > 500 GeV pT > 1 TeV

539 444 94.7 5.20 0.817
HW−(→ He−ν̄e)

no cuts no jets with at least 1 jet with at least 1 jet with at least 1 jet with
pT > 100 GeV pT > 100 GeV pT > 500 GeV pT > 1 TeV

425 350.6 74.37 3.718 0.541

Table 9: HW fiducial cross sections in fb at NNLO accuracy for the different selection cuts on the jet activity.

As was the case for the Higgs production processes discussed so far, collisions at 100 TeV allow
to extend the kinematic reach of V H final states to rather extreme configurations, where the V H pair
is produced with huge invariant mass, or at very large pT . Production at large invariant mass is of phe-
nomenological interest for several reasons. For example, it provides the leading source of irreducible
background for the detection of exotic new particles (e.g. new gauge bosons) decaying to V H . Fur-
thermore, prodution at large invariant mass probes the V V H coupling in the region where the Q2 of the
virtual gauge boson is far off shell. This could exhibit sensitivity to the presence of higher-dimension ef-
fective operators, potentially beyond what can be tested from the precise determination of theH → V V ∗

decay branching ratios. Figure 18 (left panel) shows that, with over 10 ab−1 of integrated luminosity,
the SM rate will extend all the way out to M(V H) ∼ 20 TeV. In these configurations, with Higgs and
gauge bosons with a transverse momentum of several TeV, it is likely that one will be able to effectively
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tag these events through the H → bb̄ and V → dijet decay modes, therefore using the largest available
branching ratios!

Another interesting, and complementary, kinematical configuration, is the prodution of the V H
pair at large pT . This will be dominated by the recoil against a jet, with the V H pair maintaining a small
invariant mass. As shown in the right panel of Fig. 18, there will be rate out to pT (V H) beyond 7 TeV. As
we shall see in Section 3.3, and in the case of the abundant H → bb̄ decay modes, these configurations
enjoy a particularly favourable S/B ratio, when compared to the otherwise dominant QCD background
from associated V bb̄ production.

Fig. 18: Left panel: integrated invariant mass distribution of V H pairs, at LO. Right panel: integrated transverse
momentum spectrum of the V H system, recoiling against a jet.

Figure 19 sows the integrated pT spectrum of the Higgs produced in association with aW± boson.
The solid line corresponds to the LO process, in which it is the W that recoils against the Higgs. The
dashed and dotted lines show the contribution induced by the qq̄ →WHg and qg →WHq processes.

Fig. 19: Integrated inclusive pT spectrum of the Higgs boson (left panel) and of a jet produced in the WH+jet
porcess (right panel).

To isolate the hard component of these higher-order corrections, namely to exclude the virtual and
soft/collinear O(αs) processes that exhibit Born-like kinematics, we require the radiated parton to have
pT no smaller than 10% of the WH mass or of 100 GeV. The results show that Higgs prodution at large
pT is indeed dominated by Born-like kinematics. This is confirmed in the left panel of Fig. 20, showing
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the back-to-back feature of the ∆R(WH) distribution (normalized to 1), for various pT (H) thresholds.
We notice the very different shape of the ∆R(WH) distribution when events are tagged by the presence
of a large pT jet (see central plot of Fig. 20).

Fig. 20: ∆R correlation between the H and W boson, in events tagged by the presence of a high-pT Higgs (left)
and of a high-pT jet (central panel). Right panel: transverse momentum of the Higgs boson, relative to that of the
W boson, in events with a high-pT jet. All distributions are normalized to 1.
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2.5 VBF Higgs production
In this section we study the production of a Standard Model Higgs through Vector Boson Fusion (VBFH)
at a 100 TeV proton-proton collider. As is the case at 13 TeV, VBFH has the second largest Higgs
production cross section and is interesting on its own for a multitude of reasons: 1) it is induced already
at tree-level; 2) the transverse momentum of the Higgs is non-zero at lowest order which makes it suitable
for searches for invisible decays; 3) it can be distiguished from background processes due to a signature
of two forward jets. This last property is very important, as the inclusive VBF signal is completely
drowned in QCD Hjj production. One of the aims of this section is to study how well typical VBF cuts
suppress this background at a 100 TeV proton-proton machine.

2.5.1 Generators
Fixed order LO predictions for and QCD corrections to VBFH have been obtained using
PROVBFH [101] which is based on POWHEG’s fully differential NLO QCD calculation for Higgs
production in association with three jets via VBF [102, 103], and an inclusive NNLO QCD calcula-
tion [104]. NLO-EW corrections are obtained with HAWK [93, 105]. NLO interfaced to a Parton
Shower (NLO+PS) results have been obtained using the POWHEG-BOX [106–109] together with ver-
sion 6.428 of PYTHIA [110] with the Perugia Tune P12 [111]. QCD Hjj results are obtained as in
Section 2.3.

2.5.2 Parameters
√
S 100 TeV

MH 125 GeV
PDF MMHT2014nnlo68cl & CT14nnlo

as(MZ) 0.118
MZ 91.1876 GeV
MW 80.385 GeV
ΓZ 2.4952 GeV
ΓW 2.085 GeV
GF 1.16637× 10−5GeV−1

nf 5

µ2 = µ2
R = µ2

F
MH

2

√(
MH

2

)2
+ p2

t,H

Table 10: Setup

For the purpose of this study we have used the EW parameters shown in Table 10 together with
tree-level electroweak relations to obtain the weak mixing angle, θW , and the electromagnetic coupling,
αEW

sin2 θW = 1−M2
W /M

2
Z , αEW =

√
2GFM

2
W sin2 θW /π. (16)

We include no off-shell effects for the Higgs Boson but include Breit-Wigner propagators for the
W and Z boson. In order to estimate scale uncertainties we vary µ up and down a factor 2 while keeping
µR = µF . We use a diagonal CKM matrix. When reconstructing jets we use the anti-kt algorithm [82,83]
as implemented in FASTJET [84] with radius parameter R = 0.4.

For VBFH predictions we have used the MMHT2014NNLO68CL [112] PDF set and for QCD
Hjj predictions we have used the CT14NNLO [85] PDF set as implemented in LHAPDF [113]. In
order to include photon induced contributions to the NLO-EW corrections we have employed the
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NNPDF2.3QED [114] PDF set, which includes a photon PDF. It is worth noticing that the relative
EW correction factor only very mildly depends on the PDF set, so that the induced error arising from
using different PDFs can be safely assumed to be contained in the other theoretical uncertainties.

2.5.3 Inclusive VBF production
Due to the massive vector bosons exchanged in VBFH production the cross section is finite even when
both jets become fully unresolved in fixed-order calculations. In Table 11 we present the fully inclusive
LO cross section and both NNLO-QCD and NLO-EW corrections. The NNLO-QCD corrections are
calculated in the DIS-like approximation (Structure Function Approximation) [115] where there is no
cross-talk between the upper and lower quark line in the VBF diagram. This approximation is exact
at LO and NLO but formally excludes a number of diagrams at NNLO. These contributions have been
shown to be tiny under typical VBF cuts and can therefore safely be neglected [105,116,117]. The NLO-
EW corrections include both t- and u-channel contributions but exclude the s-channel contributions to
be consistent with the Structure Function Approximation. The s-channel contribution should hence be
treated as a background to the VBF signal.

Table 11: Total VBF cross section including QCD and EW corrections and their uncertainties for a 100 TeV
proton-proton collider. σVBF is obtained using Eq. (17) where σDIS

NNLOQCD is the total VBFH cross section com-
puted to NNLO accuracy in QCD, δEW is the relative EW induced corrections and σγ is the cross section induced
by incoming photons. For comparison, the LO order cross section, σLO, is also shown.

σVBF[pb] ∆scale[%] σLO[pb] σDIS
NNLOQCD[pb] δEW[%] σγ[pb]

69.0 +0.85
−0.46 80.6 73.5 −7.3 0.81

In order to compute the VBF cross section we we combine the NNLO-QCD and NLO-EW cor-
rections in the following way

σVBF = σDIS
NNLOQCD(1 + δEW) + σγ , (17)

where σDIS
NNLOQCD is the NNLO-QCD prediction in the DIS-like approximation, δEW is the relative

EW correction factor and σγ is the photon induced contribution. The combined corrections to the LO
cross section is about 14% with QCD and EW corrections contributing an almost equal amount. The
scale uncertainty ∆scale is due to varying µ by a factor 2 up and down in the QCD calculation alone
keeping µF = µR. For comparison the total QCD and EW corrections at 14 TeV amount to about 7%
and the QCD induced scale variations to about 0.4%.

2.5.4 VBF cuts
In order to separate the VBFH signal from the main background of QCD Hjj production we will extend
typical VBF cuts used at the LHC to a 100 TeV proton-proton collider. These cuts take advantage of the
fact that VBFH production, and VBF production in general, has a very clear signature of two forward jets
clearly separated in rapidity. Examining the topology of a typical VBFH production diagram it becomes
very clear that this is the case because the two leading jets are essential remnants of the two colliding
protons. Since the pt of the jets will be governed by the mass scale of the weak vector bosons and the
energy by the PDFs the jets will typically be very energetic and in opposite rapidity hemispheres.

As is clear from Fig. 21 the hardest jet in VBFH production peaks at around 60 GeV. As discussed
above this value is set by the mass of the weak vector bosons and hence the pt spectra of the two
hardest jets are very similar to what one finds at the LHC. From this point of view and in order to
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Fig. 21: Left panel: The pt of the hardest jet in VBFH production at 100 TeV. We require at least two jets in the
event but apply no other cuts; right panel: The pt of the second hardest jet in VBFH and QCD Hjj production at
100 TeV.

maximise the VBFH cross section one should keep jets with pt,cut > 30 GeV. Here we present results
for pt,cut = {30, 50, 100} GeV to study the impact of the jet cut on both the VBFH signal and QCD Hjj
background. We only impose the cut on the two hardest jets in the event.

To establish VBF cuts at 100 TeV we first study the variables which are typically used at the LHC.
These are the dijet invariant mass, Mjj , the rapidity separation between the two leading jets, ∆yjj , the
separation between the two leading jets in the rapidity-azimuthal angle plane, ∆Rjj and the azimuthal
angle between the two leading jet φjj . In Fig. 22 we show Mjj and ∆yjj after applying a cut on the two
leading jets of pt > 30 GeV and requiring that the two leading jets are in opposite detector hemispheres.
This last cut removes around 60% of the background while retaining about 80% of the signal.
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Fig. 22: Left panel: The invariant dijet mass Mjj of the two hardest jets in VBFH and QCD Hjj production at 100

TeV. right panel: The rapidity separation of the two hardest jets ∆yjj in VBFH and QCD Hjj production at 100

TeV.

In order to suppress the QCD background a cut of ∆yjj > 6.5 is imposed. This cut also sig-
nificantly reduces the QCD Mjj peak and shifts the VBF peak to about 2400 GeV. In order to further
suppress the QCD background we impose Mjj > 1600 GeV. After these cuts have been applied, and
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requiring pt,j > 30 GeV, the VBF signal to QCD background ratio is roughly 3 with a total NNLO-QCD
VBF cross section of about 12 pb. From Fig. 23 it is clear that one could also impose a cut on φjj to
improve the suppression whereas a cut on ∆Rjj would not help to achieve that. We hence state the VBF
cuts that we will be using throughout this section are

Mj1j2 > 1600GeV, ∆yj1j2 > 6.5, yj1yj2 < 0. (18)

where j1 is the hardest jet in the event and j2 is the second hardest jet. At a 13 TeV machine the
VBFH cross section is O(1pb) under typical VBF cuts.
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Fig. 23: Left panel: The azimuthal angle φjj between the two hardest jets in VBFH and QCD Hjj production at
100 TeV. right panel: The rapidity-azimuthal angle separation of the two hardest jets ∆Rjj in VBFH and QCD Hjj
production at 100 TeV.

In Table 12 we show the fiducial cross section obtained after applying the VBF cuts of Eq. (18) to
VBFH and QCD Hjj production. The cross sections are reported at the three different jet pt cut values
{30, 50, 100} GeV. All numbers are computed at LO. It is clear from the table that requiring a somewhat
higher jet pt cut than 30 GeV leads to a lower S/

√
B ratio. In going from 30 GeV to 50 GeV this

reduction is however small.

Table 12: Fiducial VBFH and QCD Hjj cross sections for a 100 TeV proton-proton collider at LO under the VBF
cuts of Eq. (18). The numbers are obtained using the setup of Table 10 using the CT14nnlo PDF. S/

√
B is defined

as the ratio between the VBFH signal and the square root of the QCD background at an integrated luminosity of
20 ab−1.

σ(pt,j > 30 GeV) [pb] σ(pt,j > 50 GeV) [pb] σ(pt,j > 100 GeV) [pb]
VBFH 14.1 7.51 1.08
QCD Hjj 5.04 1.97 0.331

S/
√
B@(20 ab−1) 28100 24200 8500

In Table 13 we show for comparison the cross sections obtained after only applying the three jet
pt cuts. As expected the VBFH signal is drowned in the QCD background. It is worth noticing that the
S/
√
B ratio is still very large when one assumes an integrated luminosity of 20 ab−1 and that it declines

as the jet cut is increased.
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Table 13: Total VBFH and QCD Hjj cross sections for a 100 TeV proton-proton collider at LO with a cut on the
two hardest jets. The numbers are obtained using the setup of Table 10 using the CT14nnlo PDF. S/

√
B is defined

as the ratio between the VBFH signal and the square root of the QCD background at an integrated luminosity of
20 ab−1.

σ(pt,j > 30 GeV) [pb] σ(pt,j > 50 GeV) [pb] σ(pt,j > 100 GeV) [pb]
VBFH 51.3 28.5 5.25
QCD Hjj 166 78.6 23.9

S/
√
B@(20 ab−1) 17900 14300 4900

2.5.5 Perturbative corrections
The results shown in the previous section were all computed at LO. Here we briefly investigate the
impact of NNLO-QCD, NLO-EW and parton shower corrections to the VBF cross section computed
with pt,j > 30 GeV and under the VBF cuts of Eq. (18) at a 100 TeV collider. We also compare to the
NLO-QCD predictions for QCD Hjj production.

In Table 14 we show the best prediction for σVBF as obtained by Eq. (17) and compare it to the
same cross section obtained by showering POWHEG events with PYTHIA6 but including no effects
beyond the parton shower itself. The NLO-EW and NNLO-QCD corrections are found to be of roughly
the same order, and amount to a total negative correction of ∼ 23%. As was the case for the inclusive
cross section the corrections are a factor two larger than at 14 TeV. Even though the perturbative cor-
rections to QCD Hjj production are negative, the effect of including higher order corrections is that the
S/
√
B ratio at an integrated luminosity of 20 ab−1 is decreased from 28100 to 24300.

Table 14: Fiducial VBF cross section including QCD and EW corrections and their uncertainties for a 100 TeV
proton-proton collider. For comparison the QCD induced Hjj cross section is also shown. At fixed-order QCD
corrections are included at NNLO and EW corrections at NLO.

Process σfid[pb] ∆scale[%] σQCD[pb] δEW[%] σγ[pb]
VBFH (NNLO-QCD/NLO-EW) 10.8 ±1.0 12.1 −12.6 0.22
VBFH (NLO+PS) 11.9 +0.56

−0.41 11.9 - -
QCD Hjj (NLO) 4.70 +0

−17 4.70 - -

In Figs. 24-27 we show comparisons between VBFH and QCD Hjj production computed at NNLO
and NLO in QCD respecitvely. We have applied the VBF cuts of Eq. (18). Also shown is the k-factor for
VBFH production going from LO to NLO and NLO to NNLO. Note that the QCD Hjj predictions have
been obtained with the effective theory setup described in Section 2.1 and hence the pt spectra should not
be trusted beyond 2Mt. Furthermore, in the left plots of Figs. 24 and 25 we notice a large scale depen-
dence of the QCD Hjj predictions for higher values of the transverse momentum of the leading jet and
of the Higgs boson. This is probably due to a not optimal choice of scale, which for the downward vari-
ation suffers from large cancellations among the different NLO contributions (Born, virtual, integrated
subtraction terms and real radiation minus subtraction terms). We observe that increasing the minimum
transverse momentum cut improves the behaviour, whereas chosing a fixed scale instead of a dynamical
one makes it even worse. The exact origin of this large scale dependence needs further investigation.

As can be seen from the plots the VBF cuts have suppressed the background QCD Hjj production
in all corners of phasespace. One could still imagine further optimising these cuts, for example by
requiring φjj in the vicinty of π

2 or a slightly larger invariant dijet mass. We note in particular that
requiring that the Higgs Boson has a transverse momentum greater than 40 GeV seems to favour the
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VBFH signal. Since a cut on the transverse momentum of the decay products of the Higgs would no
matter what have to be imposed, this improves the efficiency of the VBF cuts in realistic experimental
setups.
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Fig. 24: Comparison between NNLO predictions for VBFH production at NLO predicitions for QCD Hjj pro-
ductionunder the VBF cuts of Eq. (18). The bands represent scale uncertainties obtained by varying µF = µR
by a factor two up and down. For the VBFH production the statistical uncertainty is represented by the vertical
line. No statistical uncertainties are shown for the QCD Hjj result. The lower panel shows the k-factor for VBFH
production going to LO to NLO and NLO to NNLO. Left panel: Transverse momentum of the leading jet. Right
Panel: Transverse momentum of the subleading jet.

2.5.6 Differential distributions
In addition to the distributions already presented, we here show a number of distributions to indicate the
kinematical reach of the VBFH channel at 100 TeV. Assuming an integrated luminosity of 20 ab−1 we
study how many events will be produced with a Higgs whose transverse momentum exceeds pt,min. In
Figs. 28 and 29 we show this distribution for various cut configurations. This variable is particularly
interesting in the context of anomalous couplings in the weak sector. It can be seen that even under VBF
cuts and requiring hard jets, a number of Higgs bosons with transverse momentum of the order 6 TeV
will be produced in this scenario.

In Fig. 30 we show the same distribution but fully inclusively and at various perturbative orders.
Also shown is the k-factor going from LO to NLO and from NLO to NNLO. The perturbative corrections
to this variable are modest as it is not sensitive to real radiation at the inclusive level. After applying VBF
cuts and jet cuts the low pt,H -spectrum receives moderate corrections whereas the corrections at larger
values of pt,H can become very large as indicated in Fig. 25.

In Fig. 31 we show how many events will be produced with a dijet invariant mass exceedingMmin

at various cut configurations. Because the two hardest jets in the VBFH event are typically the proton
remnants the invariant dijet mass can become very large. As can be seen from the figure, even after
applying VBF cuts and requiring very hard jets hundreds of events with an invariant dijet mass larger
than 60 TeV is expected. This is of interest when probing for BSM physics at the very highest scales. It
is also worth noticing that the tail of the distribution is almost unaffected by the VBF cuts, as the VBF
cuts are optimised to favour high invariant dijet events.
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Fig. 25: Comparison between NNLO predictions for VBFH production at NLO predicitions for QCD Hjj pro-
duction under the VBF cuts of Eq. (18). The bands represent scale uncertainties obtained by varying µF = µR
by a factor two up and down. For the VBFH production the statistical uncertainty is represented by the vertical
line. No statistical uncertainties are shown for the QCD Hjj result. The lower panel shows the k-factor for VBFH
production going to LO to NLO and NLO to NNLO. Left panel: Transverse momentum of the Higgs Boson. Right
Panel: Invariant mass of the dijet pair.
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Fig. 26: Comparison between NNLO predictions for VBFH production at NLO predicitions for QCD Hjj pro-
duction under the VBF cuts of Eq. (18). The bands represent scale uncertainties obtained by varying µF = µR
by a factor two up and down. For the VBFH production the statistical uncertainty is represented by the vertical
line. No statistical uncertainties are shown for the QCD Hjj result. The lower panel shows the k-factor for VBFH
production going to LO to NLO and NLO to NNLO. Left panel: Absolute value of the rapiridy separation between
the two leading jets. Right Panel: Distance between the two leading jets in the rapidity-azimuthal plane.
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Fig. 27: Comparison between NNLO predictions for VBFH production at NLO predicitions for QCD Hjj pro-
duction under the VBF cuts of Eq. (18). The bands represent scale uncertainties obtained by varying µF = µR
by a factor two up and down. For the VBFH production the statistical uncertainty is represented by the vertical
line. No statistical uncertainties are shown for the QCD Hjj result. The lower panel shows the k-factor for VBFH
production going to LO to NLO and NLO to NNLO. Shown here is the azimuthal angle between the two leading
jets.

2.5.7 Detector implications
The requirement that the two hardest jets are in opposite detector hemispheres and are separated by at
least 6.5 units of rapidity, means that a symmetric detector in the style of ATLAS or CMS must have
a rapidity reach well above 3.25. In fact, looking at Fig. 32, which shows the fraction of events which
satisfy max(|yj1 |, |yj2 |) > ymin for various cut configurations, it becomes clear that a detector with a
rapidity reach of 4.5 would at best only retain 40% of the VBFH events after VBF cuts are applied. Since
a jet with pt = 30 GeV can be produced at a rapidity of ∼ 8 whereas a jet with pt = 100 GeV can only
be produced with rapidities up to ∼ 6.8, the required rapidity reach of the detector will also depend on
how well soft jets can measured and controlled at 100 TeV. In all cases a rapidity reach above 6 seems to
be desirable.
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Fig. 28: The total number of VBFH events produced with pt,H > pt,min at a 100 TeV collider with an integrated
luminosity of 20 ab−1 under three different jet pt cuts. Left panel: pt,H in the range 0-2 TeV. Right panel: pt,H in
the range 2-10 TeV.
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Fig. 29: The total number of VBFH events produced with pt,H > pt,min at a 100 TeV collider with an integrated
luminosity of 20 ab−1under three different jet pt cuts and with the VBF cuts of Eq. (18) applied. Left panel: pt,H
in the range 0-2 TeV. Right panel: pt,H in the range 2-10 TeV.
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Fig. 31: The total number of VBFH events produced withMj1j2 > Mmin at a 100 TeV collider with an integrated
luminosity of 20 ab−1. Left panel: Three different jet pt cuts applied but no VBF cuts applied. Right panel: VBF
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cuts applied.
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2.6 Associated tt̄H production
The tt̄H process provides the most direct probe of the interaction of the Higgs boson with the top quark.
Theoretical calculations have been completed including NLO QCD [118,119] and EW [120] corrections.
NLO corrections have recently been extended to the case of unstable top quarks, in the dilepton final
state [121].

In this section, we collect results for the total production cross sections and for some key kinemat-
ical distributions. In particular, we update and extend parts of the study presented in Ref. [122], where
it was shown that tight correlations between scale and PDF uncertainties lead to very precise predictions
for the ratio of tt̄H and tt̄Z production. We focus in this section on the discussion of rate and theoretical
systematics, and in Section 3.4 we review the prospects for measurements of ytop.

All results shown here were obtained using the MADGRAPH5_AMC@NLO code [123], which
includes both NLO QCD and EW corrections, in the case of stable top quarks. Additional details, and
the results for 13 TeV, can be found in Ref. [122]. The default parameter set used here is given by:

Parameter value Parameter value
Gµ 1.1987498350461625 · 10−5 nlf 5
mt 173.3 vyt 173.3
mW 80.419 mZ 91.188
mH 125.0 α−1 128.930

µR = µF = µ0 =
∑

f∈final statesmT,f/2 is the default for the central choice of renormalization and fac-
torization scales, where mT,f is the transverse mass of the final particle f . This scale choice interpolates
between the dynamical scales that were shown in Refs. [118,119] to minimize the pT dependence of the
NLO/LO ratios for the top and Higgs spectra. The scale variation systematics is obtained covering the
standard range 0.5µ0 ≤ µR,F ≤ 2µ0, with µR and µF varying independently.

Table 15 shows the total cross section results, at the LO in the EW effects. The first row shows the
results of the MSTW2008 NLO [124] sets, which will be used as a default for the other results of this
section. The second row uses the more recent PDF4LHC15 [125] recommendation, which combines the
systematics from the following NLO PDF sets: NNPDF3.0 [100], MMHT2014 [112] and CT14 [85].
The difference between MSTW2008 and PDF4LHC15 is at the level of 3%, which is compatible with
the quoted uncertainty on the tt̄H cross section.

Here, and in following tables and figures, we include the results for the tt̄Z process as well, and
for the tt̄H/tt̄Z ratios. As discussed in detail in [122], there are strong correlations among the sources
of systematic uncertainty for these two processes, leading to very robust predictions for their ratios. In
particular, all the results shown here relative to tt̄H/tt̄Z ratios will enforce the full correlation of the
systematics induced by the PDF variations and by parameters such as mtop,H , and will assume likewise
a complete correlation between the scale variations.

Table 15 shows that the scale uncertainty of the individual processes, in the range of ±9%, is
reduced in the ratio to ±1.5%. The PDF uncertainty on the ratio is at the permille level, and the compar-

σ(tt̄H)[pb] σ(tt̄Z)[pb] σ(tt̄H)
σ(tt̄Z)

MSTW2008 33.9+7.1%+2.2%
−8.3%−2.2% 57.9+8.9%+2.2%

−9.5%−2.4% 0.585+1.3%+0.3%
−2.0%−0.2%

PDF4LHC15 32.8+6.9%+1.6%
−8.1%−1.6% 56.0+8.8%+1.5%

−9.3%−1.5% 0.586+1.3%+0.12%
−2.0%−0.12%

Table 15: Total cross sections σ(tt̄H) and σ(tt̄Z) and the ratios σ(tt̄H)/σ(tt̄Z) with NLO QCD. The results
include the renormalization/factorization scale and PDF+αs uncertainties.
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α(mZ) scheme Gµ scheme

σ(tt̄H)[pb] σ(tt̄Z)[pb] σ(tt̄H)
σ(tt̄Z)

σ(tt̄H)[pb] σ(tt̄Z)[pb] σ(tt̄H)
σ(tt̄Z)

NLO QCD 33.9 57.9 0.585 32.9 56.3 0.585

O(α2
Sα

2) Weak −0.73 −2.15 0.027 −0.90

O(α2
Sα

2) EW −0.65 −2.0 0.14 −0.77

NLO QCD+Weak 33.1 55.8 0.594 32.9 55.4 0.594

NLO QCD+EW 33.2 55.9 0.594 33.1 55.6 0.595

Table 16: Effect of the EW NLO corrections, in the α(mZ) and Gµ schemes.

σ(tt̄H)[pb] σ(tt̄Z)[pb] σ(tt̄H)
σ(tt̄Z)

default 33.9+7.1%
−8.3% 57.9+8.9%

−9.5% 0.585+1.3%
−2.0%

µ0 = mt +mH,Z/2 39.0+9.8%
−9.6% 67.2+11%

−11% 0.580+1.2%
−1.8%

mt = ytopv = 174.1 GeV 33.9 57.2 0.592

mt = ytopv = 172.5 GeV 33.7 58.6 0.576

mH = 126.0 GeV 33.2 57.9 0.575

Table 17: Results with NLO QCD corrections at 100 TeV by varying some parameter values. In the first two rows
we include the renormalization/factorization scale uncertainties.

ison of the old MSTW2008 result with the most recent PDF4LHC15 one confirms the reliability of this
estimate.

The effect of the NLO EW corrections in two different schemes is shown in Table 16. The shift
of the individual tt̄H and tt̄Z is at the level of few percent, and depends on the EW scheme and on
the process. The ratio shifts with respect to the LO EW result by less than 2%, and the EW scheme
dependence is at the permille level. This suggests that the residual uncertainty of the cross-section ratio
due to higher-order EW corrections should be significantly below the percent level.

We explore further variations in our default parameter set in Table 17. There, we remove the PDF
uncertainties, which are practically unaffected by these parameter changes. Choosing the fixed value
µ0 = mt + mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio σ(tt̄H)/σ(tt̄Z) by 1%− 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3± 0.8 GeV. We notice that σ(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to pure
phase-space, and the decrease (increase) in the strength of ytop, when the top mass is lower (higher). The
tt̄Z process is vice versa directly sensitive to mt at the level of ±1.5% over the ±0.8 GeV range, and
this sensitivity is reflected in the variation of the cross-section ratio. We notice, however, that if we kept
the value of ytop fixed when we change mt, the dynamical effect on the rate would be totally correlated,
and the ratio would remain constant to within a few permille, as shown in Table 18. This shows that the
ratio is only sensitive to the strength of ytop, and only minimally to the precise value of mt.

Finally, we observe a ∼ 2% shift in σ(tt̄H) (and therefore in the ratios) when mH is changed by
1 GeV, which is a gross underestimate of the precision with which the Higgs mass is [126] and will soon
be known.
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σ(tt̄H)[pb] σ(tt̄Z)[pb] σ(tt̄H)
σ(tt̄Z)

mt = 174.1 GeV 23.88 37.99 0.629

mt = 172.5 GeV 24.21 38.73 0.625

Table 18: LO results for different top masses, keeping the top Yukawa coupling fixed at ytopv = 173.3 GeV.
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Fig. 33: Integrated transverse momentum distributions for the Higgs boson (left) and (anti-)top quark (right), in
the tt̄H process at a 100 TeV collider.

In summary, we quote, as the best estimate for the tt̄H cross section at 100 TeV (with mH =
125 GeV and mtop = 173.3 GeV), the following:

σ(tt̄H)[pb] = 32.1
+6.9%

−8.1% scale
± 1.6%PDF4LHC15 ± 0.3%mtop (19)

This includes the full EW corrections, and accounts for a ±0.8 GeV uncertainty in the top mass.

2.6.1 Kinematical distributions
As shown in the study of other production processes, one of the key features of the 100 TeV collider is the
existence of large production rates even with kinematical configurations at extremely large energy. For
the tt̄H process, this is well illustrated by Fig. 33, which gives the cross sections for production of the
Higgs (left) and top quark (right) above a given pT threshold. With the expected FCC-hh luminosities,
the production will extend well beyond pT ∼ 5 TeV. We note that the spectra are very stable against scale
and PDF systematics, the former staying within a 10% window. In Fig. 34 we also plot the integrated
cross section for producing t, t̄ and H all above a given pT threshold, in configurations in which these
three objects are pair-wise separated by ∆R > 1 and 2.

Any experimental analysis, and in particular the boosted approach that will be used in Section 3.4,
will restrict the phase-space available to the final states. To preserve the precision in the theoretical
prediction of the ratio of total tt̄H and tt̄Z cross sections, it is crucial to ensure that the reduction in
systematics uncertainties carries over to the description of final states after kinematical cuts have been
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Fig. 34: Integrated distributions for the pT of the Higgs boson (upper solid line), the maximum pT of top and
antitop quarks (upper dashed line), and for the minimum pT of t, t̄ nd H , with different cuts on the ∆R separation
among different objects.
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Fig. 35: Scale and PDF systematics of ratios of integrated pT spectra for different observables, at 100 TeV. From
left to right: pT of the boson, pT of the top quark.

applied. The following results will give some concrete examples, focused on the discussion of scale and
PDF systematics.

We show in Fig. 35 the ratio of the integrated pT spectra of various final-state objects X:
σ[tt̄H](pT,X > pT,min)/σ[tt̄Z](pT,X > pT,min). On the left, X = H(Z) for the tt̄H (tt̄Z) process. In
the middle, X = t and on the right X is the tt̄ system. We normalize the ratios to 1 at pT,min = 0, so that
the resulting uncertainties correspond to the systematics in the extrapolation of the ratio of differential
distributions to the ratio of the total rates. The three upper panels show that the ratios are not a constant,
and can change buy up to 20% up to pT = 500 GeV. The relative uncertainties, separately for the scale
and PDF variation (MSTW2008 NLO set), are shown in the lower plots. The scale uncertainties reach a
value of ±2% for the boson pT spectra, ±1% for the top, and ±3% for the pT of the tt̄ pair. The PDF
uncertainties remain well below the percent level throughout.
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Fig. 36: Three PDF sets systematics of ratios of integrated pT spectra for different observables, at 100 TeV. From
left to right: pT of the boson, pT of the top quark.
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Fig. 37: EW scheme dependence and weak corrections of ratios of integrated pT spectra for different observables,
at 100 TeV. From left to right: pT of the boson, pT of the top quark.

These results imply that the relative shapes of the pT spectra can be controlled with a precision
that remains consistent with the overall goal of a percent-level extraction of the relative rates. There is
no doubt that future NNLO calculations of both processes will improve this even further. Very precise
measurements of the shape of the Z boson spectra in tt̄Z events using e.g. the very clean leptonic Z
decay will also help confirming the accuracy of the predicted pT spectra and reduce a possible left-over
uncertainty.
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Fig. 38: Other systematics of ratios of integrated pT spectra for different observables, at 100 TeV. From left to
right: pT of the boson, pT of the top quark.
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2.7 Rare production modes
The first section of Table 19 [127], obtained with the MadGraph5_aMC@NLO code [123], reports the rate
for associated production of a SM Higgs boson with a single top. The cross section is in excess of 5
picobarns at 100 TeV, and displays a considerable increase with collider energy.

This remarkable growth, together with the sensitivity of this process to the sign of the top Yukawa
coupling yt [128], makes this reaction a golden channel for a precise measurement of the latter. It has
been shown [129] that already at the 14-TeV LHC it is possible to put loose bounds on the sign of yt,
mainly with a semileptonically decaying top quark, and in the H → bb̄ and H → γγ decay channels.
At 100 TeV the situation will improve considerably: the NLO cross section for the main irreducible
background to tH(→ γγ)j production, namely tγγj QCD production, has a growth ρ comparable to
that of the signal, hence the significance of the signal, in comparison with the LHC, is expected to scale
at least with the square root of the number of events. Moreover, the sensitivity of the signal to yt is only
slightly reduced at 100 TeV with respect to 8 TeV, as shown explicitly in the left panel of Fig.39.

The second part of Table 19 and the right panel of Fig. 39 [127] detail the cross section for a Higgs
in association with a pair of gauge bosons (see also [130] for a recent analysis). Rates for these channels
are smaller than for single top, of the order of a few tens of femtobarns at 100 TeV, but still accessible.
Theoretical systematics are typically below 10%, and the rate growth with energy is mild, compatibly
with the fact that these processes are qq̄-driven.

These rare channels are interesting as they can add some power to constrain possible anomalous
Higgs couplings to vector-boson (and fermion) pairs, which in turn has implications on the analysis of
perturbative unitarity at high energy and strong links with the study of anomalous triple-vector-boson
vertices [131, 132]. In particular the pp → HW+W− process, the one with the largest cross section in
this category, has been shown [133] to be promising in this respect already at the high-luminosity LHC,
and will considerably benefit from the rate increase of a factor of roughly forty at 100 TeV.

Process σNLO(8 TeV) [fb] σNLO(100 TeV) [fb] ρ

pp → Htj 2.07 · 101 +2%
−1%

+2%
−2% 5.21 · 103 +3%

−5%
+1%
−1% 252

pp → HW+W− (4FS) 4.62 · 100 +3%
−2%

+2%
−2% 1.68 · 102 +5%

−6%
+2%
−1% 36

pp → HZW± 2.17 · 100 +4%
−4%

+2%
−2% 9.94 · 101 +6%

−7%
+2%
−1% 46

pp → HW±γ 2.36 · 100 +3%
−3%

+2%
−2% 7.75 · 101 +7%

−8%
+2%
−1% 33

pp → HZγ 1.54 · 100 +3%
−2%

+2%
−2% 4.29 · 101 +5%

−7%
+2%
−2% 28

pp → HZZ 1.10 · 100 +2%
−2%

+2%
−2% 4.20 · 101 +4%

−6%
+2%
−1% 38

Table 19: Production of a Higgs boson at 8 and 100 TeV. The rightmost column reports the ratio ρ of the 100-
TeV to the 8-TeV cross sections [127]. Theoretical uncertainties are due to scale and PDF variations, respectively.
Processes pp→ Htj does not feature any jet cuts.
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Fig. 40: Integrated Higgs transverse momentum rates, for various production channels, with 20 ab−1. The light-
dotted horizontal lines in the left (right) panel correspond to the production of 105 (10) events with a Higgs decay
to the indicated final states.

3 Prospects for measurements of SM Higgs properties
Table 20 shows the number of Higgs bosons produced at 100 TeV with an integrated luminosity of
20 ab−1. For reference, we compare these rates to what was available at the end of the LHC run 1, and
what will be available at the end of the full HL-LHC programme, namely 3 ab−1 at 14 TeV.

N100 N100/N8 N100/N14

gg → H 16× 109 4× 104 110
VBF 1.6× 109 5× 104 120
WH 3.2× 108 2× 104 65
ZH 2.2× 108 3× 104 85
tt̄H 7.6× 108 3× 105 420

Table 20: Indicative total event rates at 100 TeV (N100), and statistical increase with respect to the statistics of
the LHC run 1 (N8) and the HL-LHC (N14), for various prodution channels. We define here N100 = σ100 TeV ×
20 ab−1, N8 = σ8 TeV × 20 fb−1, N14 = σ14 TeV × 3 ab−1.

Naive scaling leads to a potential for improvements in the statistical precision in the range of few
hundreds w.r.t to run 1, and of order 10-20 w.r.t. HL-LHC. As is well known, the HL-LHC itself will
already be systematics dominated for several measurements. But with such a huge increase in rate and,
as we shall see, in kinematic reach, one can envisage new approaches to both precision measurements
and to the exploration of new phenomena in the production dynamics. Furthermore, these rates will push
the search for rare or forbidden Higgs decays well beyond the LHC reach.

The most remarkable feature of Higgs production at 100 TeV is not just the rate increase w.r.t. the
LHC, but the extreme kinematical range over which the Higgs bosons are distributed. Figure 40 shows
the integrated pH spectra for the dominant production processes, and prompts several important remarks.

To start with, we highlight the remarkable statistics. Horizontal light-dotted lines in the figures
show the pT (H) values corresponding to samples of 105 (left) and 10 (right) events, for various final
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states. The former statistics are possibly suitable for percent-level measurements, the latter indicate the
most extreme pT values at which measurements of Higgs production dynamics are in principle possible.
This could have relevance, for example, in the context of searches for new physics, where Higgses could
either be part of a signal, or a background.

Secondly, we note that the hierarchy of rates among the different processes, shown for example
in Table 20, is only valid for the bulk of the production. As pT (H) grows above ∼ 500 GeV, tt̄H
emerges as the most abundant source of large-pT Higgses. Moving to yet larger pT , even VBF and
eventually associated V H production come to be more important than gg → H . The key reason for this
is the form-factor-like suppression of the ggH vertex at large virtuality, when the finite-mtop effects are
properly accounted for.

This observation has important implications for the measurements. For example, while dedicated
cuts are needed to extract the VBF Higgs-production signal from the inclusive gg → H + X Higgs
sample, at large pT the dominant source of irreducible background is top production. The separation of
tt̄H from VBF when pT (H) > 1 TeV can rely on kinematic and event-shape discriminators, which are
likely more powerful and efficient than the usual VBF cuts. This may also have important implications on
the detector, since optimal acceptance to VBF cuts requires instrumentation in the very difficult forward
η region.

Large Higgs pT values, furthermore, make it possible to consider using the otherwise disfavoured
H → bb̄ decay mode, thanks to the higher and higher discrimination power of jet-structure techniques.
The ability to use this high-BR decay, extends considerably the accessible pT (H) range. Lower-BR final
states, such asH → γγ, ZZ∗, Zγ or µ+µ−, remain nevertheless usable for precision measurements (i.e.
event rates in excess of 104), over a broad range of pT .

In this Section we shall elaborate in some more detail on these ideas. One could organize the
discussion according to final state (e.g. addressing the issue of how to best measure a given BR from a
global fit of several production channels), or according to production channel (e.g. to compare different
decays in the same channel, in order to remove possible production systematics from the precise determi-
nation of BR ratios). We shall adopt a mixed approach and, as emphasized above, we shall not analyze in
quantitative terms all sources of theoretical and experimental uncertainties. Several of the studies shown
here were done including only the leading relevant order of pertubation theory. We include the dominant
sources of backgrounds, and make crude, and typically optimistic, assumptions about the relevant de-
tector performance issues. The key purpose is to show what is in principle possible, and postpone more
rigorous studies to future work.

3.1 Higgs acceptance
We present here some reference results to document the detector acceptance for Higgs decay final states,
as a function of the pseudorapidity coverage and of the minimum pT thresholds. These results can orient
the choices in the optimal detector layout.

Figure 41 shows the detector acceptance, for different pT thresholds, for 2-body Higgs decays
(e.g. H → bb̄, H → γγ, H → µ+µ−). Each box corresponds to Higgs bosons produced in gg fusion, at
various fixed values of the Higgs transverse momentum (pT (H) = 0, 50, 100, 200, 500 and 1000 GeV).
For each pT (H) value we consider a minimum pT cut (pT,min) for the two decay products (0, 20, 30 and
40 GeV), and show the acceptance as a function of the largest |η| (ηmax). The acceptance is defined with
respect to the total sample of events produced at the given value of pT (H).

The largest sensitivity to pT,min is present for values of pT (H) around 50 − 100 GeV, since the
boost in this range will suppress the acceptace for the decay particle produced in the backward direction
with respect to the Higgs direction. For the largest values of pT (H), the acceptance is much less sensitive
to pT,min, and is well optimized in the central region |η| < 2.5.

Figure 42 shows similar results, for the 3-body decay H → Zγ → µ+µ−γ. The pT,min and η
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Fig. 41: Detector acceptance, as a function of the maximal pseudorapidity coverage ηmax, for the 2-body decay
of Higgs bosons produced in gg fusion at various pT values (this applies, e.g., to H → bb̄, γγ or µ+µ−). The
different lines refer to different thresholds in the minimum pT of the decay particles.

Fig. 42: Same as Fig. 41, for the decay H → Zγ → µ+µ−γ. The pT and ηmax cuts apply to both muons and to
the photon.

cuts here are applied to all decay products. At pT (H) = 0 there is no acceptance for pT,min ≥ 30 GeV,
since the photon energy in the H rest frame is of order 30 GeV (up to a negligible effect due to the finite
Z width). For these decays, the overall loss in acceptance due to the pT threshold is always significant,
as shown by the large-η limit of the distributions.

The strong pT,min dependence is emphasized even more in the 4-body decays, such as H →
WW ∗ → 2`2ν and H → ZZ∗ → 4`, whose acceptance plots are shown in Figs. 43 and 44. For 4-
lepton decays, we consider also the acceptance of asymmetric cuts, such as those used at the LHC. They
appear as absolutely necessary, at least for pT (H) values below ∼ 500 GeV, since the decay kinematics
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Fig. 43: Same as Fig. 41, for the decay H → WW ∗ → `+`−2ν. The p`T cuts shown in the second inset apply to
the softest and the hardest of the two charged leptons.

H decay pT (H) |η| < 2.5 < 4 < 5 H decay pT (H) |η| < 2.5 < 4 < 5

2-body 0 0.5 0.76 0.84 Zγ → ``γ 0 0.33 0.51 0.57
pminT = 30 50 0.48 0.68 0.74 pminT = 20 50 0.32 0.49 0.53

500 0.72 0.87 0.88 500 0.66 0.81 0.82
WW ∗ → 2`2ν 0 0.17 0.25 0.28 ZZ∗ → 4` 0 0.20 0.33 0.38
pminT = 20 50 0.21 0.30 0.33 pminT = 10 50 0.23 0.36 0.40

500 0.66 0.79 0.80 500 0.63 0.77 0.79

Table 21: Acceptances for various Higgs decay modes, in gg → H +X production, as function of Higgs pT . All
final state products (except the nuetrinos in the WW ∗ mode) are required to have pT > pT,min.

enhances the spectral asymmetry, and a uniform cut for all leptons at 20 GeV would lead to an acceptance
at the percent level.

For example, ATLAS [134] requires the three leading leptons to have pT larger than 10, 15 and
20 GeV, and the fourth lepton to exceed 6 (if muon) or 7 (if electron) GeV. CMS [135] requires the
two leading leptons to have pT larger than 10 and 20 GeV, and the others to exceed 5 (if muon) or 7 (if
electron) GeV. We consider here similar cuts, namely the thresholds (5, 10, 15, 20) or (10, 10, 15, 20).
We note that, for pT (H) below few hundred GeV, the difference between 5 and 10 GeV for the softest
lepton is almost a factor of 2 in acceptance. We also notice that the acceptance of the fully symmetric
cut (10, 10, 10, 10) is almost identical to that of (10, 10, 15, 20). This is a result of the decay kinematics.
We stress that for these processes the low-pT acceptance is far more important than rapidity coverage,
and must be preserved.

In case of WW ∗ → 2`2ν decays, the fiducial regions selected by ATLAS [136] and CMS [137]
require the thresholds of 10 GeV for the softer lepton, and 20 (CMS) or 22 (ATLAS) for the leading one.
For 100 TeV, we show here the options (10, 10), (20, 20) and (10, 20).

The results for some reference pT and |η| thresholds are collected in Table 21.
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Fig. 44: Same as Fig. 41, for the decay H → ZZ∗ → 4 charged leptons. The p`T cuts shown in the second inset
apply to the softest through the hardest of the four charged leptons.

3.2 Small-BRH final states at intermediate pT
We consider here H decays with BRs in the range of 10−3−10−4, such as H → γγ, H → γZ, H → 4`
and µ+µ−. At a fully inclusive level, these events are produced by the millions; a thorough analysis of
the potential for precise measurements from these large samples requires a detailed understanding of the
experimental environment, starting from the consideration of the impact of hundreds, if not thousands,
of pileup events. This is work for future studies.

We discuss here instead the possible interest to study these final states in decays of Higgs bosons
produced with pT values of a few 100 GeV, where rates are still large, but S/B ratios are typically better
than for the inclusive samples, and the experimental environment is possibly easier (e.g. production is
more central than for the fully inclusive Higgs sample, and the higher pT ’s can improve the reconstruction
of the primary vertex and the resolution of multiple pileup events). A possible target of such studies is a
very precise (percent level of better) measurement of the relative decay BRs: the production ratio between
different final states will in fact remove several of the dominant systematics intrinsic in the absolute rate
measurements, such as the integrated luminosity or the theoretical production rate uncertainty.

3.2.1 H → γγ

Figure 45 (left plot) shows the pT spectrum of diphotons from H decays (BR = 2.3× 10−3), and from
the dominant irreducible background, namely QCD γγ production (for a discussion of pp→ γγ, see the
Volume “Standard Model physics at 100 TeV” of this report). The QCD contribution is constrained by
an invariant mass cut, |m(γγ)−125 GeV| < 4 GeV. This is rather conservative even by today standards,
where current analyses point at resolutions in this channel of about 1-2 GeV. But the energy resolution
will degrade at the values of photon energies considered in the regime of large pT (H), so we take 4 GeV
as an indicative benchmark. The size of the background, for a reasonable range of resolution, scales
linearly.

The background considered in this plot includes all sources (qq̄, qg and gg initial states), and is
subject to an isolation constraint, which plays however a negligible role, since the diphoton pair at large
pT at this order of perturbation theory mostly recoils against the partons. We note that the S/B ratio is
of O(1) in this region, much larger than for the low pT (H) sample, where it drops well below 1/10. The
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Fig. 45: Left: Integrated transverse momentum rates (20 ab−1) for a photon pair with mass close to the Higgs
mass: signal and QCD background. Right: S/B, significance of the signal, and potential statistical accuracy of the
sample.

statistical precision, in presence of this background, remains below 1% up to pT (H) ∼ 600 GeV.

3.2.2 H → µ+µ−

Figure 46 (left plot) shows the pT spectrum of dimuons from H decays (BR = 2.2 × 10−4), and from
the leading irreducible background, namely Drell-Yan (DY) µ+µ− production, dominated by the tail of
the Z∗/γ distribution (see e.g. the ATLAS [138] and CMS [139] analyses).

The DY contribution is constrained by an invariant mass cut, |m(γγ) − 125 GeV| < 1 GeV.
This is better than the resolution of today’s LHC experiments: the signal full width at half maximum
estimated by CMS for events with one central muon, for example, varies in the range 4-5 GeV [139]),
but 1 GeV is consistent with the improvement in the muon pT resolution by a factor of O(5), projected
for the 100 TeV detectors.

The DY background includes qq̄ and qg initial states. Contrary to the γγ decay, the S/B for
dimuons deteriorates at larger pT (H), but still allows for a precision in the rate measurement better than
2% for pT (H) up to∼ 200 GeV. This could allow for a 1% determination of the muon Yukawa coupling,
yµ, relative to the Hγγ coupling.

3.2.3 H → ZZ∗ andH → Zγ

We consider here H → ZZ∗ and H → Zγ, with leptonic decays of the Z boson to electron or muon
pairs (BR = 1.3 × 10−4 and BR = 1.1 × 10−4, respectively). The rates for signals and leading
irreducible backgrounds are given in Figs. 47 and 48.

We considered for these plots the following acceptance cuts:

– H → ZZ∗ → 4`: pT (`) > 10 GeV, |η(`)| < 2.5

– H → Zγ → 2`γ: pT (`, γ) > 20 GeV, |η(`, γ)| < 2.5

We notice that, as shown in the acceptance plots of Fig. 44, at large pT (H) the cut pT (`) > 10 GeV
for all 4 leptons has an acceptance almost identical to that of the asymmetric cut 10/10/15/20 GeV. With
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Fig. 46: Left: Integrated transverse momentum rates (20 ab−1) for a muon pair with mass close to the Higgs mass:
signal and DY background. Right: S/B, significance of the signal, and potential statistical accuracy of the sample.

Fig. 47: Integrated transverse momentum rates (20 ab−1) for a four-lepton final state (` = e, µ), with mass close
to the Higgs mass: signal and QCD background.

reference to that figure, we also point out that increasing the η range and reducing the threshold for the
pT of the softest lepton, would each increase the signal rate by a factor of 2.

We assume here once again 4 GeV as mass resolution for both the 3- and 4-body final states. For
the 4-lepton final state, the S/B ratio was already larger than 1 in the 8 TeV run of the LHC; due to greater
increase in the gluon PDF relative to the quark one, the QCD background at 100 TeV becomes negligible.
A 1% determination of the rate is statistically possible for pT (H) <∼ 300 GeV. Likewise, the S/B ratio
for Zγ improves significantly as pT (H) is increased, and becomes larger than 0.5 above ∼ 300 GeV.
In this region the statistical precision is better than 2%, allowing for a percent-level measurement of the
HZγ coupling relative to Hγγ.
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Fig. 48: Left: Integrated transverse momentum rates (20 ab−1) for a dimuon+photon pair system with mass close
to the Higgs mass: signal and QCD background. Right: S/B, significance of the signal, and potential statistical
accuracy of the sample.

3.3 Associated V H production
We consider here some examples of possible measurements of WH production, in the H → bb̄ final
state. As in the previous discussion, we do not attempt to optimize the detection of the fully inclu-
sive sample, but examine the opportunities offered by production in kinematical configuration that are
unconventional at the LHC, and where the 100 TeV collider could offer prospects for interesting new
measurements.

We start by the case ofWH production at large invariant mass. As shown before, this is dominated
by the Born-level topologies, with the W and H recoiling against each other. The largest backgrounds to
the H → bb̄ decay are the QCD associated production of Wbb̄, and the large-mass tail of the Z boson in
WZ∗, with Z∗ → bb̄. For these kinematics, top quark production is not an important background. The
integrated mass spectra of signal and backgrounds are shown in the left panel of Fig. 49. We model the
background with a parton-level calculation, require the bb̄ pair to have an invariant mass in the range of
100–150 GeV, and both W and bb̄ system are in the region |η| < 2.5. The rates include the branching
ratio for the decays W → `ν (` = e, µ).

Of course the invariant mass on the bb̄ pair provides only a very crude picture of the potential to
suppress the QCD Wbb̄ background. The application of the standard H → bb̄ tagging techniques [140],
developed for boosts in the range of few hundred GeV, may require important adaptations and optimiza-
tion in the multi-TeV regime, where the whole Higgs-jet is contained with a cone of radius smaller than
R = 0.1. In the accompanying SM Volume of this Report [141], the tagging of multi-TeV gauge bosons
from the decay of resonances with masses in the 5-40 TeV range is discussed. Gauge boson hadronic
decays can be tagged with efficiencies in the range of 80%, with suppression factors of order 20-100 for
normal QCD jets of comparable pT . This performance is comparable to the effectiveness of the naive
mbb cut we applied: the dotted line in Fig. 49 shows in fact the background level obtained by requesting
the bb̄ pair to be contained within a jet of radius R = 1, without any mass cut. The reduction due to
the mass cut is a factor of order 10-20. The very large S/B shown in Fig. 49 shows that there is plenty
of room to cope with the challenge of identifying these hyper-boosted H → bb̄ jets and rejecting their
backgrounds.

As a further example of possible applications, we consider the other kinematical configurations of
interest, namely WH production in presence of a high-pT jet. For the signal, the dominant process if
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Fig. 49: Left: Integrated invariant mass rate (20 ab−1) for aWbb̄ pair, withW → `ν (` = e, µ) and |mbb−mH | <
25 GeV: signal and QCD background. Right: S/B, significance of the signal, and potential statistical accuracy of
the sample.

qq̄ → gW ∗ → gWH , where the Higgs is simply radiated off the high-pT W that recoils against the jet.
As shown in Section 2.4, this leads to a strong correlation between the W and H direction, resulting in
a ∆R(WH) distribution peaked at small values. For the background, on the other hand, the dominant
production dynamics is given by the process qg → q(g → bb̄), with the W radiated from the initial or
final state quarks. In this case, there is no strong correlation between the bb̄ and the W : if anything, they
much prefer to be produced back to back.

Fig. 50: Angular correlation between the W boson and the bb̄ pair for signal (short dashes) and QCD background
(dashes) in final states with a jet of pT > 500 GeV (left) and 1 TeV (right). The solid curve denotes the sum of
signal and QCD background. No W branching ratio is included.

This is shown very clearly in Fig. 50, which shows the ∆R(WH) distribution for the background
(dashed histograms) and for the Higgs signal (short-dashed histograms), for different thresholds on the
jet pT . A simple cut on ∆R(WH) < 1 leads to an order of magnitude reduction of the background,
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while maintaining the largest fraction of the signal. This is shown in the second panel of Fig. 51, where
the two dashed (continuous, red) lines give the background (signal) before and after the ∆R cut. The
cut brings the S/B ratio to the level of 1, with sufficient statistics to exceed the percent level precision
in the signal extraction. Further background rejection can likely be obtained by cutting on the W boson
transverse momentum, which is harder for the signal.

It is clear that more work is needed for a reliable assessment of the potential for interesting and
precise measurements using the associated V H production channels. The application and extension of
H → bb̄ tagging and background rejection techniques will certainly also lead to valuable input to the
detector design process, both in the calorimeter and tracker areas. There is also room for the use of final
states other than bb̄. We trust that these topics will be picked up for the studies towards the FCC-hh
Conceptual Design Report.

Fig. 51: Left panel: same as the previous Figure, with pT > 2 TeV. Right: Signal and background rates, as a
function of the jet pT threshold, before and after a ∆R(WH) < 1 cut. No W branching ratio included.
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3.4 Measurement of top Yukawa coupling from the tt̄H/tt̄Z ratio
The tt̄H production process can be studied for a variety of Higgs decay channels. We collect in Table 22
the event rates for potentially interesting Higgs decays combined with tt̄H production, for an integrated
luminosity of 20 ab−1 at 100 TeV. These numbers include the branching ratio for the mixed lepton-hadron
tt̄→ `ν`+ jets decay (` = e, µ), in addition to the relevant Higgs branching ratios.

Since analysis cuts and efficiencies will further reduce these rates, the otherwise very clean H →
4` will hardly meet the target of the 1% precision. In the case of H → γγ, basic parton level cuts such
as:

pT,γ,b,j > 25 GeV , |ηγ,b,j | < 2.5 , ∆Rjj,bb,bj > 0.4

pT,` > 20 GeV , |η`| < 2.5 (20)

leave around 5 · 104 events with 20 ab−1, while the tt̄γγ background, subject to a |mγγ − 125| < 5 GeV
cut, is almost a factor of 10 smaller. The H → 2`2ν final state has also a potentially interesting rate,
which will deserve a dedicated study.

The large rate for H → bb̄ decays allows to consider boosted topologies, placing tight cuts on
the emerging jets, and drastically reducing the various sources of backgrounds. Figure 33 shows, for
example, that requesting pT,H > 500 GeV gives a rate of O(1) pb, or 10M events with 10 ab−1. This
improved statistics also allows us to rely on a well-measured and similarly peaked tt̄Z → tt̄ bb̄ signal to
reduce systematic and theoretical uncertainties, as anticipated in Section 2.6, and discussed in detail in
Ref. [122]. We summarize here these findings, and update the results of that work to a broader range of
Higgs pT . We refer to Ref. [122] for the details.

The analysis models the first HEPTOPTAGGER application to tt̄H production withH → bb̄ [142],
and builds on the recent improvements in the HEPTOPTAGGER2 [143] and in the BDRS Higgs tag-
ger [140], which reduce background sculpting and increase the signal statistics.

We consider the final states:

pp→ tt̄H → (bjj) (b̄`ν̄) (bb̄), (b`ν) (b̄jj) (bb̄) . (21)

and the leading backgrounds:

pp→ tt̄ bb̄, the main irreducible QCD background
pp→ tt̄Z, including the Z-peak in the mbb distribution
pp→ tt̄+jets with fake-bottoms tags

The analysis requires:

1. an isolated lepton with |y`| < 2.5 and pT,` > 15 GeV.

2. a tagged top (R = 1.8, pT,j > 200 GeV, |y(t)
j | < 4) without any b-tag requirement

3. a tagged Higgs jet with two b-tags inside (R = 1.2, pT,j > 200 GeV, |y(H)
j | < 2.5)

4. a b-tagged jet (R = 0.6, pT,j > 30 GeV, |yb| < 2.5) outside the top and Higgs fat jets, correspond-
ing to the top decaying semileptonically.

H → 4` H → γγ H → 2`2ν H → bb̄

2.6 · 104 4.6 · 105 2.0 · 106 1.2 · 108

Table 22: tt̄H event rates for various Higgs decay modes, with 20 ab−1 at 100 TeV, assuming tt̄→ `ν+jets. Here
and for Higgs decays, ` can be either an electron or a muon.
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The mbb distribution provides the sidebands to control the tt̄bb̄ and tt̄+jets backgrounds, and a sec-
ond mass peak from the tt̄Z mass peak. All Monte Carlo event samples are generated at leading or-
der, using MadGraph5 [144] with NNPDF2.3 parton densities [145], showering and hadronization via
Pythia8 [146] and the fast detector simulation with Delphes3 [147, 148]. The jet clustering and the
analysis are done with FastJet3 [84], a modified BDRS Higgs tagger [140, 142] and the HEPTOPTAG-
GER2 [143]. All b-tags require a parton-level b-quark within ∆R < 0.3 and assume a b-tagging efficiency
of 50% and a mis-tagging probability of 1%.

Figure 52 shows the reconstructed mbb spectrum for the signal and the backgrounds, varying the
pT threshold of the top and Higgs tagged fat jets in steps of 100 GeV from 200 up to 500 GeV.
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Fig. 52: Recontructed mbb for a pT threshold from 200 GeV to 500 GeV (the roughness of the distributions is a
consequence of limited MC statistics).

For the 200 GeV cut, and the signal region mbb ∈ [104, 136] GeV, we arrive at a signal-to-
background ratio around S/B ≈ 1/3 and a Gaussian significance S/

√
B = 120, assuming an integrated

luminosity of L = 20 ab−1. The error on the number of nominally NS = 44700 signal events is given
by two terms. First, we assume that we can determine NS from the total number of events NS + NB

using a perfect determination of NB from the side bands. Second, the side band mbb ∈ [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

√
Nside introduces a statistical

uncertainty ∆NB , altogether leading to

∆NS =

[(√
NS +NB

)2
+ (∆NB)2

]1/2
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=

[(√
NS +NB

)2
+

(
NB√
Nside

)2
]1/2

= 0.013NS . (22)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give ∆NS = 0.010NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS +NB NSideband ∆NS/NS NS/NB NS/
√
NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, ∆NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [122]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab−1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H → γγ decay could allow a direct measurement of the ratio of branching ratios B(H → γγ)/B(H →
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H → 2`2ν could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ∓νν̄ final state, could be particularly clean.

3.5 Combined determination of yt and Γ(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (ΓH ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp → tt̄H → tt̄bb̄ with an integrated luminosity (L) of 20 ab−1, assuming the H → bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, ΓH
might differ from the SM value (ΓSM

H ) in the case that the Higgs boson decays into a pair of invisible
particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines ΓH precisely [149].

Under the narrow width approximation, the production cross section of pp→ tt̄H → tt̄bb̄ is

σ(pp→ tt̄H → tt̄bb̄) = σSM(pp→ tt̄H → tt̄bb̄)× κ2
tκ

2
b

ΓSM
H

ΓH

≡ σSM(pp→ tt̄H → tt̄bb̄)× µbb̄tt̄H ,
(23)
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where κt ≡ yHtt/y
SM
Htt and κb ≡ yHbb/y

SM
Hbb are the Higgs coupling scaling factors. The signal strength

µbb̄tt̄H , defined as

µbbtt̄H =
κ2
tκ

2
b

RΓ
with RΓ ≡

ΓH

ΓSM
H

, (24)

is expected to be measured with 1% precision, µbb̄tt̄H = 1.00 ± 0.01 [122]. Since the κt, κb and ΓH

parameters are independent in µbb̄tt̄H , one cannot determine them from the tt̄H production alone. Bounds
on the κt, κb and RΓ can be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once κb is known,
a correlation between κt and RΓ is obtained as following

κ2
t

RΓ
= µtt̄H . (25)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probe RΓ

from Eq. 25.

In the SM the tt̄tt̄ production occurs either through a gluon mediator [150] or by an off-shell Higgs
mediator; see Fig. 53 for the representative Feynman diagrams. Interferences between the QCD diagrams
(tt̄tt̄g) and the Higgs diagrams (tt̄tt̄H ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as σ(tt̄tt̄)g and the cross section of the Higgs induced channel as σ(tt̄tt̄)H . There
are two advantages of the Higgs-induced tt̄tt̄ production: i) no dependence on the Higgs boson width;
ii) the cross section proportional to the top quark Yukawa coupling to the fourth power, i.e.

σ(tt̄tt̄)H ∝ κ4
tσ

SM(tt̄tt̄)H , (26)

where σSM(tt̄tt̄)H denotes the SM production cross section. The not-so-small interferences among the
three kinds of Feynman diagrams are also accounted. Since the QCD and electroweak gauge interactions
of top quarks have been well established, we consider only the top Yukawa coupling might differ from
the SM value throughout this section. As a result, the cross section of tt̄tt̄ production is

σ(tt̄tt̄) = σSM(tt̄tt̄)g+Z/γ + κ2
tσ

SM(tt̄tt̄)int + κ4
tσ

SM(tt̄tt̄)H , (27)

where

σSM(tt̄tt̄)g+Z/γ ∝
∣∣Mg +MZ/γ

∣∣2 ,
σSM(tt̄tt̄)H ∝ |MH |2 ,
σSM(tt̄tt̄)int ∝ Mg+Z/γM†H +M†g+Z/γMH . (28)

We use MadEvent [151] to calculate the leading order cross section of tt̄tt̄ production in the SM. The
numerical results are summarized as follows:

14 TeV 100 TeV

g

g

t

t

t̄

t̄g
g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/γ

Fig. 53: Representative Feynman diagrams of the tt̄tt̄ production through the QCD interaction and the Higgs
boson mediation.
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σSM(tt̄tt̄)g+Z/γ : 12.390 fb, 3276 fb,

σSM(tt̄tt̄)H : 1.477 fb, 271.3 fb,

σSM(tt̄tt̄)int : −2.060 fb, −356.9 fb. (29)

The numerical results shown above are checked with CalcHEP [152]. The NLO QCD corrections to the
tt̄tt̄g background is calculated in Ref. [153], which is about 4934 fb with 25% uncertainty. Unfortunately,
as the QCD corrections to the interference and electroweak contributions is not available yet, a tree-level
simulation of the signal process is used to estimate the accuracy of Higgs width measurement.

A special signature of the four top-quark events is the same-sign charged leptons (SSL) from the
two same-sign top quarks. The ATLAS and CMS collaborations have extensively studied the same sign
lepton pair signal at the LHC [154,155]. The other two top quarks are demanded to decay hadronically in
order to maximize the production rate. Therefore, the topology of the signal event consists of two same-
sign charged leptons, four b-quarks, four light-flavor quarks, and two invisible neutrinos. In practice it
is challenging to identify four b-jets. Instead, we demand at least 5 jets are tagged and three of them
are identified as b-jets. The two invisible neutrinos appear as a missing transverse momentum (6ET ) in
the detector. Thus, the collider signature of interests to us is two same-sign leptons, at least five jets and
three of them tagged as b-jets, and a large 6ET .

The SM backgrounds for same-sign leptons can be divided into three categories: i) prompt same-
sign lepton pair from SM rare process, including di-boson and W±W±jj; ii) fake lepton, which comes
from heavy quark jet, namely b-decays, and the dominant one is the tt̄ + X events [156]; iii) charge
misidentification. As pointed out by the CMS collaboration [155], the background from charge mis-
identification is generally much smaller and stays below the few-percent level. We thus ignore this type
of backgrounds in our simulation and focus on those non-prompt backgrounds tt̄ + X and rare SM
processes contributions. For four top quark production process another feature worthy being specified is
that multiple b-jets decay from top quark appear in the final state. Same-sign lepton plus multiple b-jets
has a significant discrimination with the backgrounds. From above analysis, it is clear that the major
backgrounds are tt̄+X and W±W±jj. Another SM processes can contribute the same-sign lepton are
di-boson, while it can be highly suppressed by the request of multiple jets in the final state. Therefore we
focus on the tt̄+X , W±W±jj and tt̄tt̄(g) backgrounds below. The cross section of the tt̄ production is
calculated with the next-to-leading-order(NLO) QCD correction using MCFM package [53]. The NLO
QCD corrections to the tt̄Z and tt̄W background are taken into account by multiplying the leading order
cross sections with a constant K-factor; for example, KF = 1.17 for the tt̄Z and KF = 2.20 for the
tt̄W production [141].

Both the signal and background events are generated at the parton level using MadEvent [151] at
the 100 TeV proton-proton collider. We use Pythia [146] to generate parton showering and hadronization
effects. The Delphes package [147] is used to simulate detector smearing effects in accord to a fairly
standard Gaussian-type detector resolution given by δE/E = A/

√
E/GeV⊕B, whereA is a sampling

term and B is a constant term. For leptons we take A = 5% and B = 0.55%, and for jets we take
A = 100% and B = 5%. We require the charged lepton has a transverse momentum p`T greater than 20
GeV, rapidity |η`| ≤ 2.5 and its overlap with jets ∆Rj` =

√
(∆η)2 + (∆φ)2 ≥ 0.4. The 6ET is then

defined to balance the total transverse momentum of visible objects.

Figure 54 displays the numbers of reconstructed jets (a) and b-tagged jets (b) in the signal and
background processes. It is clear that the signal event exhibits often five or more jets. Demanding at least
three identified b-jets would efficiently reject those SM backgrounds. In the simulation we impose a set
of kinematics cuts as follows:

pj,`T ≥ 20 GeV, |ηj,`| < 2.5, 6ET ≥ 150 GeV,

N`± = 2, Njets ≥ 6, Nb−jets ≥ 3,

mT ≥ 100 GeV, HT ≥ 800 GeV. (30)
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Fig. 54: The numbers of the reconstructed jets (a) and b-tagged jets (b) in the signal and background events at
the 100 TeV collider with an integrated luminosity of 1 fb−1. To better character the signal distribution the cross
section has been rescaled to 1000 times. No cuts except for same-sign lepton pair have been applied.

Table 23: Number of the signal and background events at the 100 TeV pp collider with an integrated luminosity
of 1 ab−1. The kinematics cuts listed in each row are applied sequentially.

Basic SSL Jets 6ET mT HT

t̄tt̄tH 271300 3227.1 1010.6 412.4 242.8 222.5
t̄tt̄tg+Z/γ 3276000 32366.9 11056.5 4193.3 2620.8 2407.9
t̄tt̄tint -356900 -4040.1 -1275.9 -467.5 -273.0 -253.4
t̄t 3.22× 1010 3802170 33411 0 0 0

t̄tW+ 2596250 91917.4 1222.2 509.2 356.5 356.5
t̄tW− 1810460 81234.8 1585.5 629.4 399.4 387.3
t̄tZ 4311270 306908 3995.6 1109.9 665.9 621.5

W±W±jj 275500 39097.4 2.188 0 0 0

Here mT denotes the transverse mass of the leading charged lepton (`1) and the 6ET , defined as

mT =

√
2p`1T 6ET (1− cos ∆φ), (31)

where ∆φ is the azimuthal angle between the `1 lepton and the 6ET . The mT cut is to remove those
backgrounds involving leptonically decayed W bosons. The HT is the the scalar sum of the transverse
momenta of all the visible particles and the missing energy 6ET .

Table 23 shows the numbers of the signal and the background events after a series of kinematics
cuts at the 100 TeV proton-proton collider with an integrated luminosity of 1 ab−1. The tt̄tt̄ production
through the QCD interaction and the production through the Higgs boson mediator share similar kine-
matics, therefore, both the QCD and Higgs mediated productions exhibit similar efficiencies for each
cut shown in Table 23; see the second and third columns. It might be possible to distinguish the two
contributions using the so-called color pull technique [157]. The major backgrounds in the SM are from
the tt̄W± and tt̄Z productions.

After applying the cuts given in Eq. 30, the tt̄tt̄ production from the QCD and electroweak gauge
interactions dominates over the SM backgrounds; see Table. 23. The tt̄tt̄ production in the SM can be
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Fig. 55: Relative uncertainty on the signal strength µtt̄H projected in the plane κt and RΓ at a 100 TeV hadron
collider with 20 ab−1 for the Higgs decay modes H → bb̄ (red band). The yellow (green, blue) vertical band
denotes the limit 0.927 ≤ κt ≤ 1.051 ( 0.952 ≤ κt ≤ 1.038, 0.962 ≤ κt ≤ 1.031 ) corresponding to the 1σ signal
uncertainty with the integrated luminosity of 10 ab−1 (20 ab−1, 30 ab−1).

measured at a 5σ confidence level with an integrated luminosity of 8.95 fb−1. We thus expect the tt̄tt̄
production to be discovered soon after the operation of the 100 TeV machine. The great potential enables
us to discuss the precision of measuring the top Yukawa coupling in the tt̄tt̄ production. We estimate the
signal statistical fluctuation as

∆NS =
√
NS +NB, (32)

assuming that the events number satisfies the Gaussian distribution. The signal uncertainty is ∆NS =
0.0095NS for L = 10 ab−1, ∆NS = 0.0067NS for L = 20 ab−1, and ∆NS = 0.0055NS for L =
30 ab−1, respectively. We interpret the uncertainty of the signal event as the uncertainty of the top
Yukawa coupling, i.e.

∆NS = δκt

[
2σSM(tt̄tt̄)int + 4σSM(tt̄tt̄)H

]
× L+O(δκ2

t ), (33)

where δκt ≡ κt−1 and the SM cross sections refer to the values after all the cuts shown in the last column
in Table 23. It yields a precision of κt measurement as follows: 0.927 ≤ κt ≤ 1.051 for L = 10 ab−1,
0.952 ≤ κt ≤ 1.038 for L = 20 ab−1, and 0.962 ≤ κt ≤ 1.031 for L = 30 ab−1, respectively.

Figure 55 displays the correlation between RΓ and κt imposed by the projected µbb̄tt̄H measure-
ment [122]; see the red band. The expectations of the κt measurement in the tt̄tt̄ production are also
plotted where the yellow (green, blue) contour region denotes the uncertainty of κt with L = 10 ab−1

(20 ab−1, 30 ab−1), respectively. Combining both the tt̄H and tt̄tt̄ productions imposes a tight
bound on the Higgs boson width; for example, 0.85 ΓSM

H ≤ ΓH ≤ 1.12 ΓSM
H for L = 10 ab−1,

0.89 ΓSM
H ≤ ΓH ≤ 1.09 ΓSM

H for for L = 20 ab−1, and 0.91 ΓSM
H ≤ ΓH ≤ 1.08 ΓSM

H for L = 30 ab−1,
respectively.

3.6 Rare SM Exclusive Higgs decays
The measurement of the rare exclusive decays H → V γ, where V denotes a vector meson, would allow
a unique probe of the Higgs coupling to light quarks. While the absolute value of the bottom-quark
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Fig. 56: Direct (left and center) and indirect (right) contributions to the H → V γ decay amplitude. The blob
represents the non-perturbative meson wave function. The crossed circle in the third diagram denotes the off-shell
H → γγ∗ and H → γZ∗ amplitudes, which in the SM arise first at one-loop order.

Yukawa coupling can be accessed by measuring b-tagged jets in the associated production of the Higgs
boson with a W or Z boson, this method becomes progressively more difficult for the lighter-quark
couplings. Advanced charm-tagging techniques may allow some access to the charm-quark Yukawa
coupling [158], but no other way of directly measuring even lighter-quark couplings is currently known.
The small branching ratios for these exclusive decays renders them inaccessible at future e+e− colliders.
The program of measuring these decay modes is therefore unique to hadron-collider facilities. The large
Higgs boson production rate at a proposed 100 TeV collider makes this facility an ideal place to measure
these otherwise inaccessible quantities.

The possibility of measuring rare exclusive Higgs decays was first pointed out in [159, 160], and
the theoretical framework for their prediction was further developed in [161–163]. Our discussion
follows closely the techniques introduced in these works, and we only summarize the salient features
here. We begin our discussion of the theoretical predictions for these modes by introducing the effective
Yukawa Lagrangian

L = −
∑

q

κq
mq

v
H q̄LqR −

∑

q 6=q′

yqq′√
2
H q̄Lq

′
R + h.c. , (34)

where in the SM κq = 1 while the flavor-changing Yukawa couplings yqq′ vanish. The effective La-
grangian leads to two categories of exclusive Higgs decays: flavor-conserving decays involving the κq
couplings, where V = ρ, ω, φ, J/ψ,Υ(nS), and flavor-violating decays involving the yqq′ couplings,
where V = B∗0s , B

∗0
d ,K

∗0, D∗0. In view of the very strong indirect bounds on flavor off-diagonal Higgs
couplings to light quarks [164], the flavor-violating decays H → V γ are bound to be very strongly
suppressed. We will therefore restrict our discussion here to flavor-conserving processes.

The exclusive decaysH → V γ are mediated by two distinct mechanisms, which interfere destruc-
tively.

– In the indirect process, the Higgs boson decays (primarily through loops involving heavy top
quarks or weak gauge bosons) to a real photon γ and a virtual γ∗ or Z∗ boson, which then converts
into the vector meson V . This contribution only occurs for the flavor-conserving decay modes.
The effect of the off-shellness of the photon and the contribution involving theHγZ∗ coupling are
suppressed by m2

V /M
2
H and hence are very small [163].

– In the direct process, the Higgs boson decays into a pair of a quark and an antiquark, one of which
radiates off a photon. This mechanism introduces the dependence of the decay amplitude on the
κq parameters. The formation of the vector meson out of the quark-antiquark pair involves some
non-trivial hadronic dynamics.

The relevant lowest-order Feynman diagrams contributing to the direct and indirect processes are shown
in Figure 56.
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We begin by outlining the calculation of the indirect amplitude. The virtual photon of Z boson
couples to the vector meson through the matrix element of a local current, which can be parameterized in
terms of a single hadronic parameter: the vector-meson decay constant fV . This quantity can be obtained
directly from experimental data. In particular, the leptonic decay rate of the vector meson can be written
as

Γ(V → l+l−) =
4πQ2

V f
2
V

3mV
α2(mV ) , (35)

where QV is the relevant combination of quark electric charges. The effective couplings Hγγ∗ and
HγZ∗ vertices, which appear in the indirect amplitude, can be calculated with high accuracy in the SM.
The by far dominant contributions involve loop diagrams containing heavy top quarks or W bosons. The
two-loop electroweak and QCD corrections to this amplitude are known, and when combined shift the
leading one-loop expression by less than 1% for the measured value of the Higgs boson mass [165].
However, physics beyond the SM could affect these couplings in a non-trivial way, either through modi-
fications of the Htt̄ and HW+W− couplings or by means of loops containing new heavy particles. The
measurement of the light-quark couplings to the Higgs should therefore be considered together with the
extraction of the effective Hγγ coupling. As pointed out in [163], by taking the ratio of the H → V γ
and H → γγ branching fractions one can remove this sensitivity to unknown new contributions to the
Hγγ coupling.

We now consider the theoretical prediction for the direct amplitude. This quantity cannot be
directly related to data, unlike the indirect amplitude. Two theoretical approaches have been used to cal-
culate this contribution. The hierarchy MH � mV implies that the vector meson is emitted at very high
energy EV � mV in the Higgs-boson rest frame. The partons making up the vector meson can thus be
described by energetic particles moving collinear to the direction of V . This kinematic hierarchy allows
the QCD factorization approach [166, 167] to be utilized. Up to corrections of order (ΛQCD/MH)2 for
light mesons, and of order (mV /MH)2 for heavy vector mesons, this method can be used to express the
direct contribution to the H → V γ decay amplitude as a perturbatively calculable hard-scattering coef-
ficient convoluted with the leading-twist light-cone distribution amplitude (LCDA) of the vector meson.
This approach was pursued in [163], where the full next-to-leading order (NLO) QCD corrections were
calculated and large logarithms of the form [αs ln(MH/mV )]n were resummed at NLO, and in [160],
where an initial LO analysis was performed. The dominant theoretical uncertainties remaining after
this calculation are parametric uncertainties associated with the non-perturbative LCDAs of the vector
mesons. Thanks to the high value µ ∼ MH of the factorization scale, however, the LCDAs are close to
the asymptotic form φV (x, µ) = 6x(1 − x) attained for µ → ∞, and hence the sensitivity to yet not
well known hadronic parameters turns out to be mild. For the heavy vector mesons V = J/ψ,Υ(nS),
the quark and antiquark which form the meson are slow-moving in the V rest frame. This allows the
non-relativistic QCD framework (NRQCD) [168] to be employed to facilitate the calculation of the di-
rect amplitude. This approach was pursued in [161], where the NLO corrections in the velocity v of
the quarks in the V rest frame, the next-to-leading order corrections in αs, and the leading-logarithmic
resummation of collinear logarithms were incorporated into the theoretical predictions. The dominant
theoretical uncertainties affecting the results for H → J/ψ γ and H → Υ(nS) γ after the inclusion of
these corrections are the uncalculated O(v4) and O(αsv

2) terms in the NRQCD expansion.

Table 24 collects theoretical predictions for the various H → V γ branching fractions in the SM.
The inclusion of NLO QCD corrections and resummation help to reduce the theoretical uncertainties.
There is in general good agreement between the results obtained by different groups. The H → φγ
branching ratio obtained in [163] is lower than that found in [160] because of an update of the φ-meson
decay constant performed in the former work. Also, in [163] the effects of ρ–ω–φ mixing are taken into
account. One observes that the H → V γ branching fractions are typically of order few times 10−6,
which makes them very challenging to observe. The most striking feature of the results shown in the
table concerns the H → Υ(nS) γ modes, whose branching fractions are very strongly suppressed. This
suppression results from an accidental and almost perfect cancellation between the direct and indirect
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Mode Branching Fraction [10−6]
Method NRQCD [161] LCDA LO [160] LCDA NLO [163]

Br(H → ρ0γ) – 19.0± 1.5 16.8± 0.8
Br(H → ωγ) – 1.60± 0.17 1.48± 0.08
Br(H → φγ) – 3.00± 0.13 2.31± 0.11

Br(H → J/ψ γ) 2.79 +0.16
−0.15 – 2.95± 0.17

Br(H → Υ(1S) γ) (0.61 +1.74
−0.61) · 10−3 – (4.61 + 1.76

− 1.23) · 10−3

Br(H → Υ(2S) γ) (2.02 +1.86
−1.28) · 10−3 – (2.34 + 0.76

− 1.00) · 10−3

Br(H → Υ(3S) γ) (2.44 +1.75
−1.30) · 10−3 – (2.13 + 0.76

− 1.13) · 10−3

Table 24: Theoretical predictions for the H → V γ branching ratios in the SM, obtained using different
theoretical approaches.

amplitudes, as first pointed out in [159]. In the case of H → Υ(1S) γ the cancellation is so perfect
that the small imaginary part of the direct contribution induced by one-loop QCD corrections gives the
leading contribution to the decay amplitude. The fact that this imaginary part was neglected in [161]
explains why a too small branching fraction for this mode was obtained there.

3.6.1 Experimental prospects
The considered rare exclusive Higgs boson decays to a quarkonium and a photon, are – currently – the
only available means to probe the quark Yukawa coupling in the first and second generation. The only
exception being, as pointed out earlier, the possibility to implement advanced charm-tagging techniques,
specifically to probe the charm-quark Yukawa coupling. As a result, these Higgs boson decays are
particulary interesting from an experimental perspective, both as signatures unique to the hadron collider
programme and as experimental topologies. Furthermore, similar rare and exclusive decays of the W±

and Z bosons have also attracted interest [162, 169, 170], offering a physics programme in precision
quantum chromodynamics (QCD), electroweak physics, and physics beyond the SM.

Using 20.3 fb−1 of 8 TeV proton-proton collision data, the ATLAS Collaboration has performed
a search for Higgs and Z boson decays to J/ψ γ and Υ(nS) γ (n = 1, 2, 3) [171]. No significant
excess has been observed and 95% confidence level upper limits were placed on the respective branching
ratios. In the J/ψ γ final state the limits are 1.5 × 10−3 and 2.6 × 10−6 for the Higgs and Z boson
decays, respectively, while in the Υ(1S, 2S, 3S) γ final states the limits are (1.3, 1.9, 1.3) × 10−3 and
(3.4, 6.5, 5.4) × 10−6, respectively. The CMS Collaboration has placed a 95% C.L. upper limit of
1.5 × 10−3 on the h → J/ψ γ branching ratio [172]. In all cases, the SM production rate for the
observed Higgs boson is assumed. Currently, no other direct experimental constraint on these decays is
available.

The scope of these early experimental investigations is two-fold: On one hand to provide the first
direct experimental constraints on these quantities, and on the other hand to map the experimental chal-
lenges involved in such searches. Looking to the future, the ATLAS Collaboration estimated the expected
sensitivity for Higgs and Z boson decays to a J/ψ and a photon, assuming up to 3000 fb−1 of data col-
lected with the ATLAS detector at the centre-of-mass energy of 14 TeV, during the operation of the High
Luminosity LHC (HL-LHC). The expected sensitivity for the h→ J/ψ γ branching ratio, assuming 300
and 3000 fb−1 at 14 TeV, is 153 × 10−6 and 44 × 10−6, respectively [173]. The corresponding sensi-
tivities for the Z → J/ψ γ branching ratios are 7 × 10−7 and 4.4 × 10−7, respectively [173]. In this
analysis, the same overall detector performance as in LHC Run 1 is assumed, while an analysis optimi-
sation has been performed and a multivariate discriminant using the same kinematic information as the
published analysis [171] has been introduced. The main limiting factor in reaching SM sensitivity was
identified to be the number of expected signal events, where only about 3 events were expected following
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Fig. 57: Transverse momentum distribution of decay products in h→ φγ → K+K−γ decays [174].

the complete event selection for the complete HL-LHC. Moreover, as the search sensitivity approaches
the SM expectation for the h → J/ψ γ branching ratio, the contribution from h → µµγ decays, with a
non-resonant dimuon pair, needs to be included. These can be separated efficiently from the h→ J/ψ γ
signal, using dimuon mass information.

Moving to the lighter quarks, the Higgs boson coupling to the strange-quark can be probed through
the h → φγ decay. The subsequent φ → K+K− decay features a large branching ratio of about 49%
and gives access to a simple final state of a hard photon recoiling against two collimated high transverse
momentum tracks, as can be seen in Fig. 57. With the SM branching ratio prediction presented in
Table 24, about 6.5 events are expected to be produced with 100 fb−1 at 14 TeV. For the first generation
quarks, the h → ωγ and h → ργ are being considered, followed by the ω → π+π−π0 and ρ →
π+π− decays, both with large branching ratios of about 89% and 100%, respectively. The corresponding
expected number of events, assuming the SM branching ratios for these decays, are about 7.6 and 96,
respectively. The experimental acceptance for these decays, assuming reasonable geometrical acceptance
and transverse momentum requirements, is expected to range between 40 and 70% [174]. It is noted that
the search for ωγ and ργ final states is further complicated due to the large natural width of the ρ meson
and the ω-ρ interference.

These rare decays to a vector meson and a photon feature very interesting and experimentally
challenging boosted topologies. The signature is distinct, but the QCD backgrounds require careful
consideration. A primary challenge arises from the trigger availability to collect the required datasets. In
the considered cases, the decay signature is a photon of large transverse momentum that is isolated from
hadronic activity, recoiling against a narrow hadronic jet. It is important to consider such signatures,
early on in designing the trigger system. Fast track finding and reconstruction in the inner detector,
available at an early stage in the trigger could help suppress backgrounds.

At the FCC-hh environment, the large production cross-section for the signal and the large ex-
pected integrated luminosity alleviates the main issue confronted by the studies at the LHC and the
HL-LHC, namely the small expected yields. With 20 ab−1 at the centre-of-mass energy of 100 TeV, a
factor 100 increase in the produced Higgs boson, with respect to HL-LHC, is expected. This substantial
increase in the signal yield, will also allow for more effective event categorisation to further suppress the
backgrounds. Production based signatures, like the vector-boson-fusion or production in association with
a leptonically decayingW or Z boson will be exploited. Furthermore, enhancement in the sensitivity can
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be expected by exploiting the boosted regime, where the Higgs boson is produced with substantial trans-
verse momentum. Early studies on this have been performed at the LHC [171], and careful evaluation of
the potential at 100 TeV is needed.
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4 Multi-Higgs production
In the previous sections we focused on processes involving the production of a single Higgs boson,
which allow one to test with high accuracy the linear Higgs interactions, most noticeably those involving
gauge bosons and third-generation SM fermions. These processes, however, cannot be used to directly
probe interactions containing two or more Higgs fields, whose determination is of primary importance
for analyzing the Higgs potential. Non-linear Higgs vertices can be accessed by looking at channels in
which multiple Higgs bosons are produced either alone or in association with additional objects. In this
section we will consider these channels with the aim of understanding the precision with which the Higgs
potential could be determined at a future 100 TeV hadron collider.

4.1 Parametrizing the Higgs interactions
As we already mentioned, the main aim of the analyses that we will present in this section is to estimate
the precision with which the Higgs potential can be probed through the exploitation of multi-Higgs
production processes. It is thus useful to parametrize the relevant Higgs self-interactions in a general
form. In the language of an effective field theory, we can write the Higgs self-interaction Lagrangian as

L = −1

2
m2
hh

2 − λ3
m2
h

2v
h3 − λ4

m2
h

8v2
h4 , (36)

where v = 246 GeV denotes the Higgs vacuum expectation value. The SM Lagrangian is obtained by
setting λ3 = λ4 = 1; in this case the terms in Eq. (36) provide the whole Higgs potential. On the
contrary, in BSM scenarios, higher-order operators are in general also present, as for instance contact
interactions involving higher-powers of the Higgs field or additional derivatives.

The use of the parametrization in Eq. (36) can be fully justified in an effective-field-theory frame-
work in which an expansion in powers of the momenta is valid. Namely, we assume that each additional
derivative in the effective Lagrangian is accompanied by a factor 1/m∗, where m∗ is a mass scale that
broadly characterize a possible new-physics dynamics. In this way the contribution of higher-derivative
terms to low-energy observables is suppressed by additional powers of E2/m2

∗, guaranteeing that the
effective theory is valid for energy scales E � m∗. For most of the processes we are going to consider
the kinematic distributions are peaked mostly at threshold. Hence an analysis focusing on the total cross
section can be interpreted in the effective-field-theory context provided that the new physics is at the TeV
scale or beyond (m∗ & 1 TeV).1 It is important to stress that the parametrization in Eq. (36) does not
rely on any expansion in powers of the Higgs field. Operators involving more than four powers of h are
in fact irrelevant for the processes we are considering and can be safely neglected.

In the case in which, in addition to the derivative expansion, we can also rely on an expansion in
powers of the Higgs field, the most relevant new-physics effects can be described in terms of dimension-6
operators [175–177]. If the Higgs is part of an SU(2)L doubletH , only two effective operator contribute
to the modification of the Higgs self-interactions, namely2

∆L6 ⊃
cH
2v2

∂µ(H†H)∂µ(H†H)− c6

v2

m2
h

2v2
(H†H)3 , (37)

where H denotes the Higgs doublet. These operators induce corrections to the trilinear and quadrilinear
Higgs interactions, whose size is given by

λ3 = 1− 3

2
cH + c6 , λ4 = 1− 25

3
cH + 6 c6 . (38)

1Possible issues with the effective description can instead arise in analyses focused on the high-energy tails of the invariant
mass distributions.

2We neglect a third operator OT = (H†
←→
D µH)(H†

←→
D µH), since it breaks the custodial symmetry and is constrained by

the EW precision measurements to have a very small coefficient.
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It is important to stress that the operator OH modifies several observables that can be also tested
in single-Higgs processes. For instance, it induces an overall rescaling of the linear couplings of the
Higgs field to the SM gauge bosons and to the fermions. The present LHC data already constrain these
corrections not to exceed the ∼ 10% level. Moreover future lepton colliders could test these effects
with very high accuracy, reaching a precision of the order of a few percent [178]. The operator O6,
on the other hand, modifies only the Higgs self-interactions, and it can thus be tested directly only in
collider processes involving multiple Higgs production. Notice that, if the relevant new-physics effects
are entirely due to O6, the deviations in the trilinear and quadrilinear Higgs couplings are correlated.

Analogously to the parametrization of the Higgs potential, possible deviations in the Higgs cou-
plings to the gauge bosons can be parametrized by

L =

(
m2
WWµW

µ +
m2
Z

2
ZµZ

µ

)(
1 + 2cV

h

v
+ c2V

h2

v2

)
. (39)

These interactions are relevant for interpreting double Higgs production in the VBF channel. The SM
Lagrangian is recovered for cV = c2V = 1.

4.1.1 Estimate of the size of new-physics corrections
As we already mentioned, the measurement of multi-Higgs production processes can provide a signifi-
cant test of the validity of the SM. It is however also important to assess its impact in context of BSM
scenarios. In this case, multi-Higgs processes can be used to discover new-physics effects or, in the case
of a good agreement with the SM prediction, can be translated into exclusions on the parameter space
of BSM models. Obviously the impact on the various BSM scenarios crucially depends on the size of
the expected deviations in the Higgs potential and in the other Higgs couplings and on the possibility of
disentangling these effects from other possible corrections due to the presence of new resonances. In the
following we will provide some estimates of these effects in a few motivated BSM contexts. 3

As a preliminary observation, notice that in BSM scenarios multiple Higgs production can be
modified in different ways. A first obvious effect comes from non-standard Higgs interactions, that is
modified couplings already present in the SM or new (non-renormalizable) interactions. 4 An additional
effect can arise from the presence of new resonances, which can contribute through tree-level or loop
diagrams. In particular, if the new-physics is light, multi-Higgs production can receive resonant contri-
butions from the on-shell production of one or more resonances which afterwards decay into multi-Higgs
final states. Obviously, in the latter case a different search strategy must be employed to study the di-
rect production of new states, either through multi-Higgs production channels or in related processes.
Searches for resonant double-Higgs production have already been performed at the LHC [181–183].

If the new physics is relatively heavy, it is still useful to perform a non-resonant search for multi-
Higgs production using a parametrization in terms of effective Higgs couplings. Indeed, since multi-
Higgs production cross sections are typically peaked not far from the kinematic threshold, a new-physics
scale m∗ & 1 TeV is high enough to ensure that resonant production gives a subleading contribution
to the total rates. Therefore, the impact of the new physics on the total cross section can be reliably
described in terms of effective operators.

Let us now discuss the expected size of the corrections to the Higgs vertices. For definiteness
we will concentrate on the effects relevant for Higgs pair production (triple Higgs production can be
analyzed along the same lines). The set of Higgs interactions relevant for the various production channels

3For additional details see Ref. [179].
4For example, new multi-Higgs interactions are typically present in theories where the Higgs boson is a composite state

of new strongly-coupled dynamics. In these scenarios the non-linear Higgs dynamics implies the presence of new non-
renormalizable Higgs interactions (see for instance Ref. [180]).
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is [184, 185]

L ⊃
(
m2
WWµW

µ +
m2
Z

2
ZµZ

µ

)(
1 + 2cV

h

v
+ c2V

h2

v2

)
− λ3

m2
h

2v
h3

− mttt

(
1 + ct

h

v
+ c2t

h2

2v2

)
+

g2
s

4π2

(
cg
h

v
+ c2g

h2

2v2

)
GaµνG

aµν , (40)

where the SM corresponds to cV = c2V = 1, ct = 1, λ3 = 1 and c2t = cg = c2g = 0. Notice that,
in addition to the dependence on the Higgs trilinear interaction, Higgs pair production is influenced by
several other vertex modifications. In particular, the gluon fusion process is also sensitive to corrections
to the Yukawa coupling of the top quark (and, in a much milder way, of the bottom quark), as well as to
the presence of new contact interactions with gluons, which could arise from loop contributions of new
heavy states. In the case of Vector Boson Fusion (VBF), modified Higgs couplings to the gauge fields
are also relevant.

In generic new-physics scenarios, corrections to all these couplings are present and can have com-
parable size. Let us start by estimating these corrections in theories where the Higgs arises as a Nambu-
Goldstone boson (NGB) from some new strongly-coupled dynamics. In this case the SILH power count-
ing implies [176, 180]

δλ3, δcV , δc2V , δct, c2t ∼
v2

f2
, δcg, c2g ∼

v2

f2

λ2

g2∗
, (41)

where g∗ denotes the typical coupling strength of the strong dynamics, while f is defined as f = m∗/g∗.
The corrections to couplings that are forbidden by the Goldstone symmetry are suppressed if the latter
is broken by a small amount. In particular, contact interactions with gluons are generated proportional
to (the square of) some weak spurion coupling λ, while corrections to the top Yukawa coupling and to
the trilinear Higgs coupling are suppressed respectively by the factors yt and m2

h/2v
2 (notice that these

factors have been already included in the definition of Eq. (40)).

It is apparent from Eq. (41) that in theories respecting the SILH power counting the corrections
to the various Higgs couplings are all of comparable order. Higgs pair production is thus affected by all
these effects simultaneously. In order to disentangle them and extract the Higgs self-interactions one thus
needs to use additional measurements (as for instance single-Higgs production channels) and to adopt a
more refined analysis strategy which makes use of kinematic distributions [179].

There are however other new-physics scenarios where the corrections to the Higgs self-couplings
can be enhanced and become larger than those to the other couplings. One scenario of this kind is
obtained by assuming that the Higgs is a generic composite state (not a NGB as assumed before) from a
new strongly-coupled dynamics. In this case the corrections to the Higgs self-interactions are enhanced
by a factor 2v2g2

∗/m
2
h compared to the SILH case. One thus expects δλ3 ∼ g2

∗v
4/f2m2

h, which can be
sizable even if v2/f2 � 1 (in which case the corrections to the linear Higgs couplings are small). The
price to pay for this enhancement, however, is an additional tuning that is required to keep the higgs mass
small, since one would naturally expect m2

h ∼ m2
∗.

Another scenario which leads to large corrections mainly to the Higgs self-couplings is obtained
by considering a new strong dynamics coupled to the SM through a Higgs portal [179]: Lint = λH†HO,
where O is a composite operator and λ is the coupling strength. In this case one finds

δcV ∼ δc2V ∼ δct ∼ c2t ∼
λ2

g4∗

v2

f2
, δλ3 ∼

2v2λ

m2
h

λ2

g4∗

v2

f2
. (42)

The corrections to the Higgs trilinear self-coupling can be dominant if λ > m2
h/(2v

2) ' 0.13. In this
scenario it is thus possible to obtain δλ3 ∼ 1, while keeping the corrections to the other Higgs couplings
at the few percent level.

For other possible new physics giving rise to a modified Higgs potential see also Section 5 of this
report.
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process σ(14 TeV) (fb) σ(100 TeV) (fb) accuracy

HH (ggf) 45.05+4.4%
−6.0% ± 3.0%± 10% 1749+5.1%

−6.6% ± 2.7%± 10% NNLL matched to NNLO

HHjj (VBF) 1.94+2.3%
−2.6% ± 2.3% 80.3+0.5%

−0.4% ± 1.7% NLO

HHZ 0.415+3.5%
−2.7% ± 1.8% 8.23+5.9%

−4.6% ± 1.7% NNLO

HHW+ 0.269+0.33%
−0.39% ± 2.1% 4.70+0.90%

−0.96% ± 1.8% NNLO

HHW− 0.198+1.2%
−1.3% ± 2.7% 3.30+3.5%

−4.3% ± 1.9% NNLO

HHtt̄ 0.949+1.7%
−4.5% ± 3.1% 82.1+7.9%

−7.4% ± 1.6% NLO

HHtj 0.0364+4.2%
−1.8% ± 4.7% 4.44+2.2%

−2.6% ± 2.4% NLO

HHH 0.0892+14.8%
−13.6% ± 3.2% 4.82+12.3%

−11.9% ± 1.8% NLO

Table 25: Cross sections for production of two or three SM Higgs bosons, including associated production chan-
nels, at a 14 TeV and 100 TeV hadron collider [18]. The cross sections are computed by choosing µ = Mhh/2

(µ = Mhhh/2 in the case of triple production). The error intervals correspond to scale variation and PDF + αs
uncertainty. In HH production in the gluon-fusion channel a conservative 10% uncertainty is included to take into
account the effects of the infinite top-mass approximation (see Section 4.2.1).
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Fig. 58: Cross sections as a function of the collider COM energy. From ref. [186].

4.1.2 Production cross sections and summary of results
To conclude this introduction, we present an overview of the various multi-Higgs production channels
and we quickly summarize the results of the analyses that will be presented in details in the following
subsections.

Table 25, extracted from the results of Ref. [18], reports the rates for SM Higgs pair and triple
production, including channels of associated production with jets, gauge bosons and top quarks. The
dependence of the production rates on the center-of-mass (COM) energy of the collider is shown in
Fig. 58. As for single-Higgs production, the dominant channel for Higgs pair production is gluon fusion,
with a rate of 1750 fb, which constitutes more than 90% of the total production rate. With respect to the
14 TeV LHC, the gluon-fusion rate is enhanced by a factor ∼ 40. The second more significant channel
is pair production in association with a top pair, whose cross section is 82 fb, closely followed by VBF
with a rate of 80 fb. Notice that the relative importance of these two channels is reversed with respect to
the 14 TeV LHC case, where VBF was about twice larger than HHt̄t. The remaining pair production
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at 14 TeV. From ref. [186].

process precision on σSM 68% CL interval on Higgs self-couplings

HH → bbγγ 3% λ3 ∈ [0.97, 1.03]

HH → bbbb 5% λ3 ∈ [0.9, 1.5]

HH → bb4` O(25%) λ3 ∈ [0.6, 1.4]

HH → bb`+`− O(15%) λ3 ∈ [0.8, 1.2]

HH → bb`+`−γ − −
HHH → bb̄bb̄γγ O(100%) λ4 ∈ [−4,+16]

Table 26: Expected precision (at 68% CL) on the SM cross section and 68% CL interval on the Higgs trilinear and
quartic self-couplings (in SM units). All the numbers are obtained for an integrated luminosity of 30 ab−1 and do
not take into account possible systematic errors.

modes, in association with a gauge boson or with tj, play a secondary role, since their cross section is at
most ∼ 8 fb. Finally, triple Higgs production has a cross section around 5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig. 59 as a function of the trilinear Higgs
coupling λ3. Although the plot shows the rates for the 14 TeV LHC, it is approximately valid also at
100 TeV. One can see that for λ3 ∼ 1, i.e. for values close to the SM one, a significant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in the HHtj channel.
This feature decreases the signal significance for the SM case. However, it allows one to more easily
differentiate scenarios with a modified trilinear coupling (especially if λ3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄γγ final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 − 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3− 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision∼ 16% for a COM energy∼ 1 TeV
and 2 ab−1 integrated luminosity [187–189]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab−1 integrated luminosity [190, 191]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄γγ channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄γγ, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range λ4 ∈ [−4,+16].

4.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [18]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 4.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ∼ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

√
ŝ = mhh � mt,mh is

quite different however. The corresponding amplitudes scale as

A� ∼
αs
4π
y2
t , A4 ∼ λ3

αs
4π
y2
t

m2
h

ŝ

(
log

m2
t

ŝ
+ iπ

)2

. (43)

From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [192].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2 ≤ µR, µF ≤ 2µ0 with the constraint 1/2 ≤ µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ∼ 400 GeV and some suppression is present close to threshold. The
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√
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retaining the full top mass dependence. The plots are taken from Ref. [179].

suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.

Non-standard Higgs interactions, in particular the couplings with the top (either a modified
Yukawa or the non-renormalizable interaction hhtt) and the contact interactions with the gluons (see
Eq. (40)), lead to corrections that are not suppressed at highmhh. Therefore they can significantly change
the tail of the kinematic distribution at large invariant mass. An analysis exploiting the differential mhh
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distribution can thus be helpful to disentangle possible corrections to the various Higgs couplings [179].
This kind of analysis goes however beyond the scope of the present report. Here we will analyze only
the inclusive total signal rate and focus on scenarios in which the Higgs trilinear coupling is significantly
modified, while the corrections to the other couplings are negligible.

As already mentioned, the sizable production cross section via gluon fusion allows one to consider
various decay channels for an experimental search. In the following we will describe some preliminary
analyses that focus on the most relevant final states with the aim of determining the precision with which
the SM signal can be extracted. In particular the bbγγ channel will be presented in Subsection 4.2.2, the
bbbb channel in Subsection 4.2.3 and finally the rare final states containing leptons in Subsection 4.2.4.

Before discussing the details of the analyses we briefly discuss in the next subsection the present
status of the computation of the SM Higgs pair production in gluon fusion, pointing out, in particular,
the various sources of theoretical uncertainty.

4.2.1 Status of SM gluon fusion cross section computation
In the last years, a lot of effort has been devoted towards the improvement of the theoretical prediction
of the SM Higgs pair production cross section via gluon fusion. Even though this loop-induced pro-
cess is known in an exact way only at LO in the QCD perturbative expansion [193–195], very useful
approximations are available for the higher-order corrections.

One main approach, exploited extensively for the calculation of the single-Higgs production cross
section, consists in working in the large top-mass approximation, in which the Higgs has a direct effective
coupling to gluons. Within this approximation, the LO becomes a tree-level contribution, and higher-
order corrections can be computed. In this way, both the NLO [196] and NNLO [197] corrections have
been obtained, together with threshold resummation effects at NNLL accuracy [192, 198]. The QCD
corrections were found to be large, resulting in about a 50% increase from LO to NLO, and a still sizeable
∼ 20% increment from NLO to NNLO at a collider center-of-mass energy of 100 TeV (corrections are
even larger for lower energies). Of course, in order to use these results, an estimate of the accuracy of
the approximation is needed.

Two different approaches have been used to estimate the finite top-mass effects at NLO. In
Refs. [199, 200] the analysis was performed through the computation of subleading terms in the 1/mt

expansion. By evaluating the deviation of the results containing powers of 1/mt from the infinite top-
mass prediction, the authors estimate that the effective theory is accurate to±10% at NLO [200]. On the
other hand, in Ref. [201] the exact one-loop real emission contributions were included via a reweighting
technique, finding in this way that the NLO total cross section decreases by about 10%. The pure EFT
result reproduces well the shape of the Higgs pair invariant mass distribution obtained retaining the exact
real contributions. It is worth mentioning that this is not the case for all the distributions, and for instance
the EFT fails to reproduce the region where the Higgs pair system has a large transverse momentum.
Based on the two studies described above, it is possible to estimate the current accuracy of the large
top-mass approximation to be ±10% for the total cross section.5

The final result for the SM cross section for hadron colliders with center-of-mass energy Ecm =
14 TeV and Ecm = 100 TeV are listed in Table 25 together with the size of the different theoretical
uncertainty. These results are computed at NNLO+NNLL accuracy using the PDF4LHC recommenda-
tion for the parton flux [125], and the values mh = 125 GeV and mt = 172.5 GeV for the Higgs and
top quark masses. The scale uncertainty at NNLO+NNLL is quite small, as it is also the case for the
PDF and αS uncertainty. Therefore, theoretical uncertainties are currently driven by the use of the large
top-mass approximation. It is worth noticing that, once the exact NLO becomes available, the remaining

5Recently the complete computation of the NLO cross section including the finite-top-mass corrections has been per-
formed [202]. The results are at present available only for the 14 TeV LHC and show a ∼ 10% reduction of the cross section
with respect to the approximate results.
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EFT uncertainty at NNLO is expected to be at most ±5% [200].

4.2.2 TheHH → bb̄γγ channel
In this section we analyze the HH → bb̄γγ channel, which has been singled out in the literature as the
process that can lead to the highest SM signal significance and highest precision in the measurement
of the Higgs trilinear coupling. This channel has a relatively small branching ratio (BR ' 0.264% in
the SM), which somewhat limits the signal yield (in the SM the total rate for this channel at a 100 TeV
pp collider is ' 4.6 fb). The presence of two photons, however, allows one to efficiently keep the
background under control while preserving a fair fraction of the signal events.

Various studies included an analysis of this channel at future high-energy hadron colliders, focus-
ing mainly on the extraction of the Higgs trilinear coupling [203–205], or performing a global analysis
of the impact of the modifications of the various Higgs couplings [179]. The differences among these
analyses stem mainly from different assumptions about the detector performance, a different treatment
of the backgrounds and the choice of benchmark integrated luminosity. In the following we will present
(in a summarized form) the results of a new analysis of the HH → bb̄γγ final state, specifically fo-
cused on the extraction of the trilinear Higgs coupling in a SM-like scenario [206]. Differently from
most of the previous ones, this new analysis is tailored specifically on a 100 TeV future hadron collider,
with the primary purpose of estimating how much the achievable precision is influenced by the detector
performance.

4.2.2.1 Simulation setup

The parton-level generation of the signal and the backgrounds is performed by using
MadGraph5_aMC@NLO (version 2.3.3) [144] and the parton density functions cteq6l1 [207]. The signal
is generated at LO retaining the finite-top-mass effects and afterwards rescaled by a k-factor in order
to match the NNLL gluon-fusion SM cross section (see Table 25). The analysis includes the following
main backgrounds: the non-resonant processes bb̄γγ, bb̄jγ (with one fake photon), bjγγ and jjγγ (re-
spectively with one and two fake b-jets), 6 and the resonant processes bb̄h and tt̄h. The cross sections
for each background process after the acceptance cuts of Table 27 are given in Table 29. The bb̄γγ and
bjγγ samples are generated by matching up to one extra parton at the matrix-element level. 7 In the case
of bb̄γγ, matching accounts for the bulk of the NLO correction to the cross section, as virtual effects are
small for this process, see Ref. [179]. The remaining backgrounds are instead generated at LO without
matching and rescaled by the following k-factors to take into account higher-order effects: k = 1.08 for
bb̄jγ, k = 1.3 for tt̄h, k = 0.87 for bb̄h and k = 1.43 for γγjj.

Showering and hadronization effects are included for the signal and background samples by using
the pythia6 package [110]. The simulation of the underlying event has been found to have a minor
impact on the analysis and, therefore, has been omitted for simplicity. Detector simulation effects are
included by using the Delphes package (version 3.3.1) [147] with a custom card that describes the FCC-
hh detector parametrization. A more detailed discussion of the benchmarks used for the calorimeters
performance parametrization will be given in the next subsection.

The tagging of b-jets and photons is performed by using the Delphes flavor tagging information
that associates each jet with a parton after showering. Events are then re-weighted according to the b-
and photon-tagging probabilities. The following benchmark efficiencies are considered: The b-tagging
probabilities are chosen to be constant throughout the detector and independent of the transverse mo-
menta, with values pb→b = 0.75, pc→b = 0.1 and pj→b = 0.01, for b, c and light jet tagging to b-jets

6Here j denotes a jet initiated by a gluon or a light quark u, d, s, c. For simplicity bjγγ denotes the sum of the processes
where the b-jet is initiated by either a b quark or an anti-b quark.

7The kT -MLM matching scheme has been used with matching scale 35 GeV and matching parameter xqcut = 25 GeV.
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Acceptance cuts Final selection

γ isolation R = 0.4
(pT (had)/pT (γ) < 0.15)

γ isolation R = 0.4
(pT (had)/pT (γ) < 0.15)

jets: anti-kT , parameter R = 0.4 jets: anti-kT , parameter R = 0.4

|ηb,γ,j | < 6 |ηb,γ | < 4.5

pT (b), pT (γ), pT (j) > 35 GeV pT (b1), pT (γ1) > 60 GeV

pT (b2), pT (γ2) > 35 GeV

mbb ∈ [60, 200] GeV mbb ∈ [100, 150] GeV

mγγ ∈ [100, 150] GeV |mγγ −mh| < 2.0, 2.5, 4.5 GeV

pT (bb), pT (γγ) > 100 GeV

∆R(bb),∆R(γγ) < 3.5

no isolated leptons with pT > 25 GeV

Table 27: List of cuts at the acceptance level (left column) and final cuts (right column) used for the analysis. The
final cuts are optimized to increase the precision on the trilinear Higgs self-coupling. The three values listed for the
final cuts on the mγγ invariant mass are used in the “low”, “medium” and “high” detector performance scenarios.

respectively. The light-jet-to-photon mis-tagging probability is parametrized via the function

pj→γ = α exp(−pT,j/β) , (44)

where α and β are parameters whose benchmark values are set to α = 0.01 and β = 30 GeV. Photons
are assumed to be reconstructed with an efficiency that depends on η, namely





95% for |η| ≤ 1.5

90% for 1.5 < |η| ≤ 4

80% for 4 < |η| ≤ 6

, (45)

provided that they have a transverse momentum pT (γ) > 10 GeV.

4.2.2.2 Benchmark scenarios for the detector performance

In the analysis three benchmark scenarios for the detector performance are considered, denoted in the fol-
lowing as “Low”, “Medium” and “High” performance scenarios. These three benchmarks are simulated
through Delphes by implementing different choices for the energy resolution in the electromagnetic and
hadronic calorimeters cells. For this purpose the variance of the energy distribution in a single cell is
parametrized by the following formula

∆E =
√
a2E2 + b2E , (46)

where E is measured in GeV and the values of the a and b parameters are listed in Table 28. The energy
output is then assumed to follow a log-normal distribution, namely the logE variable follows a Gaussian
distribution. The advantage of this distribution lies in the fact that it tends asymptotically to the usual
normal distribution for large E and provides only positive values for the energy. For a more detailed
discussion about the setup used for the Delphes simulation we refer the reader to Ref. [206].
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ECAL HCAL
|η| ≤ 4 4 < |η| ≤ 6 |η| ≤ 4 4 < |η| ≤ 6

a b a b a b a b

Low 0.02 0.2 0.01 0.1 0.05 1.0 0.05 1.0

Medium 0.01 0.1 0.01 0.1 0.03 0.5 0.05 1.0

High 0.007 0.06 0.01 0.1 0.01 0.3 0.03 0.5

Table 28: Parameters defining the energy resolution in the electromagnetic (ECAL) and hadronic (HCAL)
calorimeter cells for the “Low”, “Medium” and “High” detector performance benchmarks.
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Fig. 63: Distribution of the reconstructed invariant mass of the photon pair (left panel) and bottom pair (right
panel) for the signal. The plots show how the distributions vary in the “Low” (red curve), “Medium” (blue curve)
and “High” (black curve) detector performance benchmarks.

As it will be discussed later on, the detector performance can have a significant impact on the
analysis and on the achievable precision in the measurements of the signal cross section and Higgs self-
couplings. The finite energy resolution of the calorimeter induces a smearing in the reconstruction of
the photon- and bottom-pair invariant masses, which are crucial observables for differentiating signal
and background events. The distributions of the reconstructed invariant masses mγγ and mbb are shown
in Fig. 63, for the three detector performance benchmarks. One can see that the impact on the photon
invariant mass can be sizable. In the “Low” performance benchmark the width of the distribution is
∆mγγ ' 3 GeV, while it decreases to' 2 GeV and' 1.5 GeV in the “Medium” and “High” benchmarks
respectively. This means that a cut on the mγγ invariant mass can be twice more effective in the “High”
benchmark than in the “Low” one in reducing backgrounds containing non-resonant photons (as for
instance the non-resonant bbγγ background).

The reconstruction of the bottom pair invariant mass mbb is instead only marginally affected by
the calorimeters energy resolution, as can be seen from the right panel of Fig. 63. In all cases the
distribution is peaked at the Higgs mass and at half-height it is contained in the region∼ [100, 145] GeV.
The reconstruction of the mbb invariant mass, on the other hand, is highly affected in the presence of a
strong magnetic field in the detector. In order to be able to bend very energetic charge particles, indeed,
a very intense magnetic field is needed. As a benchmark value, B = 6 T has been chosen in the analysis.
The problem with such a magnetic field is the fact that low-energy charged particles (with a transverse
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Fig. 64: Distribution of the reconstructed bottom pair invariant mass for different values of the detector magnetic
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JES correction rJES = 1, the dot-dashed black curve corresponds to B = 6 T and rJES = 1, and the solid black
curve corresponds to B = 6 T and rJES = 1.135.

momentum pT . 5 GeV) do not reach the electromagnetic calorimeter, so that it is difficult to reconstruct
their energy. This effect can be significant in processes that happen dominantly at “low-energy”, as in
the case of double Higgs production where the bulk of the cross section comes from the threshold region.
Figure 64 shows that a strong magnetic field can distort thembb distribution and shift its peak (by roughly
5 GeV forB = 6 T). Such shift, together with the energy loss in the reconstruction of the bmomenta, can
be partially compensated by a rescaling of the jet energy scale (JES).8 As shown in the figure, a rescaling
of the jets’ four-momentum by a factor rJES = 1.135 is sufficient to shift back the distribution and move
its peak to the value mbb ' mh.

4.2.2.3 Analysis strategy

As discussed in the introduction, the main aim of the analysis described here is to determine the achiev-
able precision on the SM signal cross section and on the Higgs trilinear coupling. For this purpose a
simple cut-and-count strategy focused on the inclusive event rate can be used. More sophisticated anal-
ysis strategies, as for instance an exclusive one that also takes into account the differential distributions,
could be useful in disentangling different new-physics effects (see for instance Ref. [179]).

In optimizing the selection cuts two different strategies can in principle be used: one can either
maximize the precision on the SM signal or that on the Higgs trilinear coupling. The two procedures lead
to significantly different sets of cuts. The effect of a change in the Higgs self-coupling mostly affects
the threshold behavior, thus “looser” cuts aimed at preserving a large fraction of the threshold events
improve the precision on λ3. On the other hand, the threshold region is also the one that has a larger
background, hence harder cuts might be convenient to improve the precision on the SM signal rate.

For the analysis presented here, cuts have been optimized to maximize the precision on λ3. This
choice is motivated by the fact that the SM signal significance is always quite high, and optimizing for
the extraction of the Higgs trilinear coupling does not degrade significantly the precision on the signal

8Actual experimental analyses adopt more sophisticated jet calibration procedures and particle flow techniques are usually
used to cope with these effects. The simple rescaling applied in the analysis discussed here should be thus considered as a
rough approximation of a more accurate experimental procedure.
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Process Acceptance cuts [fb] Final selection [fb] Events (L = 30 ab−1)

h(bb̄)h(γγ) (SM) 0.73 0.40 12061

bbjγ 132 0.467 13996

jjγγ 30.1 0.164 4909

tt̄h(γγ) 1.85 0.163 4883

bb̄γγ 47.6 0.098 2947

bb̄h(γγ) 0.098 7.6× 10−3 227

bjγγ 3.14 5.2× 10−3 155

Total background 212 1.30 27118

Table 29: Cross section for SM signal and main backgrounds after the acceptance and final cuts of Table 27. The
last column shows the number of signal and background events after the final cuts for an integrated luminosity of
30 ab−1.

cross section. In fact, the sensitivity to the signal cross section depends mildly on the choice of the cuts
(provided they do not vary dramatically). On the contrary, the precision on the Higgs trilinear is much
more sensitive to variations of the cuts.

The set of benchmark cuts are listed in Table 27. Mild pT cuts are imposed on the photons and
b-quarks, namely pT (b1), pT (γ1) > 60 GeV and pT (b2), pT (γ2) > 35 GeV, where b1,2, γ1,2 denote the
hardest/softest b-quark and photon. Stronger cuts are imposed on the transverse momentum of the photon
and b pair, pT (bb), pT (γγ) > 100 GeV. All the reconstructed objects are required to be within a rapidity
|ηb,γ | < 4.5, while the separation between the two photons and the two b-quarks is required to be not too
large, namely ∆R(bb),∆R(γγ) < 3.5. Notice that the angular cuts imposed on ∆R are milder than the
ones typically used in the previous literature [179,203–205]. The invariant mass of the b pair is required
to be in the window mbb ∈ [100, 150] GeV. For the invariant mass of the photon pair, three different
windows are used optimized for each detector performance scenario: |mγγ −mh| < 2.0, 2.5, 4.5 GeV
for the “High”, “Medium” and “Low” performance benchmarks respectively. As discussed in Subsec-
tion 4.2.2.2, these choices of invariant mass windows allow one to retain a sufficiently large fraction of
the signal events.

The signal and background cross sections after the acceptance and final selection cuts are given in
Table 29. One can see that the most significant background after all cuts is bb̄jγ, followed by jjγγ and
tt̄h. Another non-negligible contribution comes from the irreducible process bb̄γγ. The backgrounds
bb̄h and bjγγ turn out to be negligible instead.

Notice that other double Higgs production channels, in particular tt̄HH and VBF, provide an ad-
ditional contribution to the signal of the order of 10%. Given the high precision on the SM signal rate and
on the Higgs trilinear coupling, these contributions should be taken into account in a full experimental
analysis. However, the inclusion of these effects is not expected to change significantly the estimated
precision on the Higgs trilinear coupling presented in the following.

4.2.2.4 Results

The results in Table 29 suggest that, with an integrated luminosity of L = 30 ab−1, a precision on the SM
signal of the order of 1.6% can be obtained, corresponding to S/

√
S +B ' 61. By a simple rescaling,

one can see that already with L = 500 fb−1 a 13% determination of the cross section is possible. Notice
that these results, as well as those presented in the following, include only the statistical uncertainties
and are obtained by neglecting the theoretical error on the prediction of the signal and the systematic
uncertainty on the overall determination of the background rates. Anticipating the size of these effects
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Fig. 65: Estimated precision on the measurement of the Higgs trilinear self-coupling. The left panel shows to result
as a function of the cut on the invariant mass os the photon pair ∆mγγ for the three detector benchmark scenarios,
“Low” (dot-dashed red), “Medium” (dashed green) and “High” (solid black). In the right panel the result is shown
as a function of the cut on the maximal rapidity of the reconstructed objects ηmax assuming the “Medium” detector
benchmark (the solid red and dashed green curves correspond to a variation of the photon and b-jets acceptances
respectively). All the results have been obtained for an integrated luminosity of 30 ab−1.

for a future 100 TeV collider is a difficult task. An estimate of the impact of some of the possible
systematic errors and of the geometry and performances of the detector is provided in the following.

As illustrated by the left panel of Fig. 65, a maximal precision on the Higgs trilinear coupling
of the order of 3.4% can be obtained in the “Medium” detector performance benchmark. The figure
shows that this value crucially depends on the size of the photon invariant mass window used to select
the events. If the size of the window is modified, the precision on the Higgs trilinear can be substantially
degraded (especially for smaller sizes of the window, which reduce the amount of reconstructed signal
events). In the “Low” and “High” scenarios a precision of respectively 4.1% and 3.2% seems to be
achievable.

Let us now discuss how the precision changes by varying the most important parameters related to
the detector geometry and performances, namely the η coverage, the b-tagging efficiencies and the photon
mis-tagging rate. For this purpose the “Medium” performance scenario will be taken as a reference and
each parameter varied separately.

The precision on λ3 is shown in the right panel of Fig. 65 as a function of the maximal rapidity
coverage ηmax for photons and b-jets. One can see that extending the coverage beyond |ηmax| ∼ 3.5 does
not lead to any substantial improvement. In other words, having a larger coverage in rapidity does not
seem a crucial feature for the extraction of the Higgs self coupling, and a reach up to |ηmax| = 2.5 − 3
could be considered to be an acceptable compromise.

A more crucial role is instead played by the b-tagging efficiencies and rejection rates, as shown
in Fig. 66. The reconstruction efficiency for the b-jets is the most important parameter, since it directly
controls the signal reconstruction rate. A minimal efficiency pb→b ' 0.75 is necessary to achieve a good
precision on the Higgs trilinear coupling. A value pb→b ' 0.6 already degrades the achievable precision
to ' 4.0%. The mistag rates for charm-jets pc→b plays a marginal role and does not affect too much the
precision on λ3 as long as pc→b . 0.2. The impact of the light-quark and gluon jets mistag rate pj→b
is even milder and does not influence the result as long as pj→b . 0.05. Finally, the lower right panel
of Fig. 66 shows how the precision on λ3 changes when the mistag rate of fake photons from jets is
modified. The curve is obtained by varying the overall coefficient α in Eq. (44) (values on the horizontal
axis) and keeping fixed the functional dependence on pT,j with β = 30 GeV. One can see that high
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Fig. 66: Estimated precision on the measurement of the Higgs trilinear self-coupling as a function of the b-tagging
efficiency. Each plot shows how the precision changes by varying only one parameter, namely the b reconstruction
efficiency pb→b (upper left), the c→ b mistag rate (upper right), the j → b mistag rate (lower left) and the j → γ

mistag rate (lower right). In the case of the j → γ mistag, on the horizontal axis we give the coefficient α of the
mistag function in Eq. (44). All the results have been obtained in the “Medium” detector performance scenario
with an integrated luminosity of 30 ab−1.

mistag rates (α ∼ 0.05) can significantly affect the achievable precision. This is a consequence of the
fact that the main background, bb̄jγ, contains one fake photon from jet mis-tagging. Keeping α below
0.02 is enough not to affect significantly the precision on λ3.

To conclude, we briefly comment on the possible impact of the theoretical error on the signal
cross section and of the systematic uncertainties on the overall background rate. Table 30 shows how
the precision on the Higgs trilinear coupling varies as a function of the relative error on the signal cross
section, ∆S ≡ ∆σ(pp → hh)/σ(pp → hh), and of an overall rescaling of the total background by
a factor rB . Notice that an actual experimental analysis will most likely extract the background rate
directly from the data (by fitting for instance the mγγ distribution away from the Higgs peak, as done
for the diphoton channel in single-Higgs production). The rescaling factor rB should be thus considered
as a way to assess the impact of the error associated with the MonteCarlo calculation of the background
rate in Table 29. The actual systematic uncertainty on the background rate in an experimental analysis
will likely be much smaller, and possibly negligible. In the limit in which the systematic uncertainty
(theory error + pdfs uncertainty) on the signal cross section becomes larger than its statistical error, the
precision on the Higgs trilinear measurement saturates to' 2∆S . Since the statistical error on the signal
rate is expected to be small (of the order of 3 − 4%), the systematic uncertainty can easily become the
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∆S = 0.00 ∆S = 0.01 ∆S = 0.015 ∆S = 0.02 ∆S = 0.025

rB = 0.5 2.7% 3.4% 4.1% 4.9% 5.8%

rB = 1.0 3.4% 3.9% 4.6% 5.3% 6.1%

rB = 1.5 3.9% 4.4% 5.0% 5.7% 6.4%

rB = 2.0 4.4% 4.8% 5.4% 6.0% 6.8%

rB = 3.0 5.2% 5.6% 6.0% 6.6% 7.3%

Table 30: Impact of the systematic uncertainties on the precision on the trilinear Higgs coupling. The precision on
λ3 is shown for different values of the systematic uncertainty on the signal, ∆S , and of the rescaling factor for the
total background rate rB . The “Medium” detector performance scenario and an integrated luminosity of 30 ab−1

have been assumed.

main limitation in the extraction of λ3. At present, as already discussed, the computation of the signal
has a ∼ 10% uncertainty due to the use of the infinite top mass approximation. It is highly probable that
finite-mass computations will become available in the near future. The remaining uncertainty from scale
variation at NNLL order is still ∼ 5%, while the pdf error is ∼ 3%. Without further improvements on
these two issues, the systematic uncertainty will be the main limiting factor in the determination of λ3

and the maximal precision would be limited to δλ3/λ3 ∼ 10%.

4.2.3 TheHH → bb̄bb̄ channel
In the analysis of the bb̄γγ final state presented in the previous subsection, a large fraction of the double
Higgs production cross section was sacrificed in order to select a clean final state, for which the back-
ground levels can be easily kept under control. In this subsection a different strategy is considered which
makes use of the final state with the largest branching ratio, namely bb̄bb̄. The total cross section for
this final state is 580 fb at a hadronic 100 TeV collider, which is two order of magnitude larger than
the bb̄γγ one. The level of backgrounds one needs to cope with, however, is much larger thus severely
complicating the signal extraction.

One of the possible advantages of the bb̄bb̄ final state is the fact that it provides a reasonable
number of events in the tail at large invariant masses of the Higgs pair. This, in principle, allows one to
analyse the high-energy kinematic regime much better than other final states with smaller cross sections.
As we discussed before, the tail of the mhh distribution is not particularly sensitive to the change of the
trilinear Higgs coupling, which mostly affects the kinematic distribution at threshold. However it can be
more sensitive to other new-physics effects, such as deviations induced by dimension-6 and dimension-8
effective operators that induce a contact interaction between the Higgs and the gluons (see for instance
the discussion in Ref. [179]). The analysis of these effects, although interesting and worth studying
further, goes beyond the scope of the present report. In the following we will concentrate only on the
SM case and on the extraction of the Higgs trilinear coupling and we will discuss an analysis based on a
recent feasibility study at the 14 TeV LHC [208],9 with suitable modifications for the 100 TeV case.

4.2.3.1 Monte Carlo samples generation

Higgs pair production in the gluon-fusion channel is simulated at LO thorugh MadGraph5_aMC@NLO [123,
201] by using the recently developed functionalities for loop-induced processes [211]. The calculation
is performed in the nf = 4 scheme and the renormalization and factorization scales are taken to be
µF = µR = HT /2. The NNPDF 3.0 nf = 4 LO set [100] is adopted with αs(m2

Z) = 0.118, interfaced
via LHAPDF6 [113]. To achieve the correct higher-order value of the integrated cross-section, the LO
signal sample is rescaled to match the NNLO+NNLL inclusive calculation [192, 197]. Parton level

9Other studies of Higgs pair production in the same final state at the LHC can be found in Refs. [209, 210].
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signal events are then showered with Pythia8 [146, 212] (version v8.201) using the Monash 2013
tune [213], based on the NNPDF2.3LO PDF set [114, 145]. Background samples are generated at LO
with SHERPA [65] (v2.1.1) and rescaled to known higher-order results, using the same K-factors as
in [208]. The input PDFs and scales are the same as for the signal samples. In order to keep the analysis
simple enough, only the irreducible QCD 4b background is included. This background is one of the most
important at the LHC, together with bb̄jj, and is thus expected to provide a rough estimate of the total
background also at 100 TeV. Single Higgs production processes and electroweak backgrounds are much
smaller and are also neglected.

4.2.3.2 Analysis strategy

After the parton shower, final state particles are clustered using the jet reconstruction algorithms of
FastJet [82, 84] (v3.1.0). First of all, small-R jets are reconstructed with the anti-kT algorithm [83]
with R = 0.4, and required to have transverse momentum pT ≥ 40 GeV and pseudo-rapidity |η| < 2.5.
In addition large-R jets are defined, reconstructed with anti-kT withR = 1.0. These are required to have
pT ≥ 200 GeV, lie in the |η| < 2.0 region and satisfy the BDRS mass-drop tagger (MDT) [140]. Finally,
small-R subjets are constructed by clustering all final-state particles with anti-kT with R = 0.3, that are
then ghost-associated to the large-R jets [214]. These are required to satisfy the condition pT > 50 GeV
and |η| < 2.5. For the boosted and intermediate categories, which involve large-R jets, a number of jet
substructure variables [215, 216] are used in the analysis: the kT -splitting scale [140, 217], the ratio of
2-to-1 subjettiness τ21 [218, 219], and the ratios of energy correlation functions (ECFs) C(β)

2 [220] and
D

(β)
2 [221].

For each jet definition a different b-tagging strategy is adopted. A small-R jet is tagged as a b-jet
with probability fb if it contains at least one b-quark among its constituents with pT ≥ 15 GeV [222]. If
no b-quarks are found among its constituents, a jet with pT ≥ 15 GeV can be still be tagged as a b-jet
with a mistag rate of fl (fc) in the case of a light (charm) jet constituent. Large-R jets are b-tagged by
ghost-associating anti-kT R = 0.3 (AKT03) subjets to the original large-R jets [214, 216, 223, 224]. A
large-R jet is considered to be b-tagged if the leading and subleading AKT03 subjets are both individually
b-tagged, with the same criteria as for the small-R jets. The treatment of the b-jet mis-identification from
light and charm jets is the same as for the small-R jets. For the b-tagging probability fb, along with the
b-mistag probability of light (fl) and charm (fc) jets, the following values are used: fb = 0.8, fl = 0.01
and fc = 0.1.

The analysis strategy follows the scale-invariant resonance tagging method of Ref. [225]. Rather
than restricting to a specific event topology, it consistently combines the information from three possible
topologies: boosted, intermediate and resolved, with the optimal cuts for each category being determined
separately. The three categories are defined as follows. Events are classified in the boosted category if
they contain at least two large-R jets, with the two leading jets being b-tagged. They are classified in the
intermediate category if there is exactly one b-tagged, large-R jet, which is assigned to be the leading
Higgs candidate. In addition, at least two b-tagged small-R jets are required, which must be separated
with respect to the large-R jet by ∆R ≥ 1.2. Finally, events are assigned to the resolved category
if they contain at least four b-tagged small-R jets. The two Higgs candidates are reconstructed out of
the leading four small-R jets in the event by minimizing the relative difference of dijet masses. In all
categories, once a Higgs boson candidate has been identified, its invariant mass is required to lie within
a fixed window of width 80 GeV, symmetric around the nominal Higgs boson mass of mh = 125 GeV.
The object and event selection are deliberately loose since their optimization is performed through a
Multivariate Analysis (MVA) strategy.
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Fig. 67: The values of the signal significance, S/
√
B, and of the signal over background ratio, S/B, for the

boosted, intermediate and resolved categories as a function of the cut ycut in the ANN output. Only the 4b QCD
background is considered here. The ycut = 0 results are those at the end of the cut-based analysis.

Category Nev signal Nev back S/
√
B S/B

Boosted
ycut = 0 5 · 104 8 · 107 6 6 · 10−4

ycut = 0.99 2 · 104 1 · 106 22 2 · 10−2

Intermediate
ycut = 0 3 · 104 1 · 108 3 3 · 10−4

ycut = 0.98 2 · 104 2 · 106 10 7 · 10−3

Resolved
ycut = 0 1 · 105 8 · 108 4 1 · 10−4

ycut = 0.95 6 · 104 2 · 107 15 4 · 10−3

Table 31: Post-MVA results, for the optimal value of the ANN discriminant ycut in the three categories, compared
with the corresponding pre-MVA results (ycut = 0). We quote the number of signal and background events
expected for L = 10 ab−1, the signal significance S/

√
B and the signal over background ratio S/B. In this table,

only the irreducible QCD 4b background has been considered.

4.2.3.3 Results

Following Ref. [208], a preliminary cut-based analysis is performed, followed by a MVA procedure
aimed at the optimization of the separation between signal and backgrounds. The specific type of MVA
that it is used is a multi-layer feed-forward artificial neural network (ANN), known as perceptron or deep
neural network. The MVA inputs are the set of kinematic variables describing the signal and background
events which satisfy the requirements of the cut-based analysis, including the jet substructure variables.
The output of the trained ANNs allows for the identification, in a fully automated way, of the most
relevant variables for the discrimination between signal and background.

The results for the signal significance S/
√
B and the signal-over-background ratio S/B at a

100 TeV collider are shown in Fig. 67 as a function of the ANN output cut ycut for the three categories.
A total integrated luminosity of L = 10 ab−1 is assumed, and only the irreducible QCD 4b background
is included. The values for ycut = 0 correspond to those at the end of the loose cut-based analysis. One
can observe how in the three categories there is a marked improvement both in signal significance and in
the signal over background ratio as compared to the pre-MVA results. In Table 31 the post-MVA results
are given for the optimal value of the ANN discriminant ycut in the three categories, compared with the
corresponding pre-MVA results (ycut = 0). The number of signal and background events expected for
an integrated luminosity of L = 10 ab−1 is also quoted.

From Fig. 67 and Table 31 one can observe that the statistical significance of the three categories

88

CHAPTER 2: HIGGS AND EW SYMMETRY BREAKING STUDIES

342



is very large, with a post-MVA value of S/
√
B ' 20 in the boosted category. However, one also finds

that, as compared to the LHC case, the QCD 4b multijet background increases more rapidly than the
signal and thus S/B is actually smaller than at 14 TeV [208]. Achieving percent values in S/B requires
very hard cuts on the value of the ANN output ycut. At 100 TeV the boosted category is the most
promising one: not only it benefits from the highest signal significances, it also exhibits the best signal
over background ratio. The result is analogous to the one found at 14 TeV [208], where the significance
of the three categories was quite similar, with the boosted one being the best without pile-up, and the
resolved one exhibiting the higher significance in the simulations with pile-up. Unfortunately, as it was
already mentioned and will be further discussed below, the boosted category is the less sensitive to the
Higgs self-coupling, and thus a measurement of the trilinear will depend to good extent on the resolved
category. The smallness of S/B indicates that at a 100 TeV collider, even more that at 14 TeV, the
feasibility of the measurement of the σ(hh→ bb̄bb̄) cross-section will depend strongly on how small the
systematic uncertainties will be, in particular those associated to the background determination.

4.2.3.4 Extracting the Higgs self-coupling.

The extraction of the trilinear coupling λ3 from the corresponding cross-section is complicated by the
destructive interference between diagrams that depend on λ3 and those that do not. Here a first estimate
is provided of the accuracy on the Higgs self-coupling that can be obtained from the bb̄bb̄ final state.
A robust estimate would require a careful study of the impact of experimental systematic uncertainties,
which is beyond the scope of this report. Therefore, a number of simplifying assumptions will be used,
in particular a very simple estimate of the total systematic uncertainty in the cross-section measurement,
which is the limiting factor in the extraction of λ3.

The sensitivity in the Higgs self-coupling is defined by the χ2 estimator

χ2(λ3) ≡ [σ(hh, λ3)− σ(hh, λ3 SM)]2

(δstatσ)2 + (δsysσ)2 , (47)

where λ3 is the Higgs self-coupling, λ3 SM = 1 is its SM value, σ(hh, λ3) is the post-MVA signal
cross-section for a given value of λ3, and δstatσ and δsysσ are respectively the statistical and system-
atic uncertainties in the cross-section measurement. Signal samples for a range of λ3 values have been
processed by the same analysis chain, including the MVA (which is not re-trained), as for the SM sam-
ples. The 68% CL range for the extraction of λ3 is found using the usual parameter-fitting criterion to
determine the values ±δλ3 for which the cross-section satisfies

χ2(λ3 SM
+δλ3
−δλ3) = χ2(λ3 SM) + 1 . (48)

Figure 68 shows the σ(hh → bb̄bb̄) cross-section at various steps of the cut-flow: generator level, after
kinematical cuts [208], after b-tagging and finally after the MVA. The results in the resolved (left plot)
and boosted (right plot) categories are shown as a function of the Higgs self-coupling λ3. For the MVA
cut, a representative value of ycut ' 0.7 has been used. One finds that, although the MVA is only
trained on the SM sample, the signal selection efficiency of the MVA is relatively flat when λ3 is varied,
reflecting the fact that the signal kinematics do not change dramatically. From the plots one can also
see that the resolved category (low and medium Higgs pT ) is more sensitive to variations of λ than the
boosted one (large Higgs pT ), as indicated by the shallower minimum of the latter after the b-tagging and
MVA cuts. This reflects the fact that the triangle diagram (which depends on the Higgs self-coupling) is
dominant near the threshold region.

Imposing the condition Eq. (48), 68% confidence level intervals are derived on the Higgs self-
coupling λ3 in the boosted, resolved and intermediate categories, for different assumptions on the total
systematic error in the measured cross-section. The ranges that are found are reported in Table 32. As
expected, the results depend strongly on the assumption for the systematic uncertainty on the measured
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Fig. 68: The σ(hh → bb̄bb̄) cross-section at various steps of the cut-flow: generator level, after kinematical cuts,
after b-tagging and finally after the MVA. We show the results in the resolved (left plot) and boosted (right plot)
categories, as as a function of the Higgs self-coupling λ3. For the MVA, a representative value of the ANN output
of ycut ' 0.7 has been used in this plot.

cross-section. In the optimistic scenario of a measurement with δsysσ = 25%, the best performance
comes from the resolved category, where at the 68% CL the trilinear can be determined to lie in the
interval λ3 ∈ [0.9, 1.5]. Looser constrains are derived from the intermediate and from the boosted cate-
gory. On the other hand, for δsysσ = 100%, the constraints in all three categories degrade substantially,
especially for λ3 ≥ 1, due to the negative interference effects.

δsysσ = 25% δsysσ = 100%

Boosted λ3 ∈ [−0.1, 2.2] λ3 ∈ [−1.5, > 9]

Intermediate λ3 ∈ [0.7, 1.6] λ3 ∈ [−0.4, > 9]

Resolved λ3 ∈ [0.9, 1.5] λ3 ∈ [−0.1, 7]

Table 32: The 68% confidence level intervals on the Higgs self-coupling λ3 obtained from the condition Eq. (48)
in the boosted, resolved and intermediate categories. We consider two different assumptions on the total systematic
error in the measured cross-section, δsys = 25% and δsys = 100%.

4.2.4 Additional modes with leptons
Due to the considerable increase of the Higgs pair production cross section at 100 TeV, it is conceivable
that rare, but potentially cleaner, final states become accessible [226]. This is for instance the case for
decay channels including leptons. In the following we will examine the final states containing a pair of
b-jets and 2 or more leptons, namely hh → (bb̄)(ZZ∗) → (bb̄)(4`), hh → (bb̄)(WW ∗)/(τ+τ−) →
(bb̄)(`+`−), hh→ (bb̄)(µ+µ−) and hh→ (bb̄)(Zγ)→ (bb̄)(`+`−γ).

4.2.4.1 Simulation setup and detector performance

The signal events are generated at LO using the Herwig++ event generator [227,228] interfaced with the
OpenLoops package for the one-loop amplitudes [229, 230]. The backgrounds are generated with the
MadGraph 5/aMC@NLO package [123,231,232], at NLO QCD. The only exception is the tt̄ background,
which is generated at LO and merged with the Herwig++ parton shower using the MLM algorithm,
including tt̄ + 1 parton matrix elements. For the latter, the cross section is normalized to the total
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NLO result. All simulations include modelling of hadronization as well as the underlying event through
multiple parton interactions, as they are available in Herwig++. No simulation of additional interacting
protons (pile-up) is included in this study. The CT10nlo pdf set [233] is used for all simulations.

The detector effects are included by smearing the momenta of all reconstructed objects and intro-
ducing suitable reconstruction efficiencies. The smearing and efficiency parameters for jets and muons
are taken from Ref. [234], while for electrons follow Ref. [235]. Jets are reconstructed by using the anti-
kt algorithm available in the FastJet package [82,84], with a radius parameter R = 0.4. Only jets with
pT > 40 GeV and |η| < 3 are considered in the analysis. The jet-to-lepton mis-identification probability
is taken to be pj→` = 0.0048 × exp(−0.035pTj/GeV), following Ref. [204]. A transverse momentum
cut pT > 20 GeV is applied on all the leptons, which are also required to lie in the pseudorapidity range
|η| < 2.5. An isolation criterion is also applied by considering a lepton isolated if it has

∑
i pT,i less than

15% of its transverse momentum in a cone of ∆R = 0.2 around it. The tagging of b jets is simulated
by looking for jets containing B-hadrons in the range |η| < 2.5. The tagging efficiency is assumed to
be 70%, with a mis-tagging probability of 1% for light-flavor jets. Mis-tagged c-jets are not included in
the analysis, since their contributions is estimated to be negligible. Finally no smearing is applied to the
missing transverse energy.10

In addition to the previous parametrization of the detector effects (denoted as‘LHC’ parametriza-
tion in the following), an ‘ideal’ parametrization is also considered obtained by setting all efficiencies to
100% (within the same acceptance regions for jets and leptons) and by removing all momentum smearing
effects. The mis-tagging rates for b-jets, leptons and photon are kept identical in both parametrizations.
However, additional backgrounds due to mis-tagging are not particularly important for the channels con-
sidered here, provided that they remain at the levels estimated for the high-luminosity LHC.

4.2.4.2 The hh→ (bb)(4`) channel

At a 100 TeV collider, the cross section for the final state hh→ (bb̄)(4`) increases to about 0.26 fb. The
analysis strategy is focused on the reconstruction of all the relevant objects in the hard process, namely
the two b-jets and the 4 leptons. The events are selected by demanding the presence of two pairs of leptons
of opposite charge and same flavor, as well as two identified b-jets. To simulate a possible 4-lepton
trigger, the following staggered cuts are imposed on the leptons: pT,`{1,2,3,4} > {35, 30, 25, 20} GeV.

Since the signal is not expected to possess a large amount of missing transverse energy, a further
cut /ET < 100 GeV is imposed. To further reduce the background it is also useful to add a cut on the
lepton separations. Since the distance between all leptons in the hh signal is substantially smaller than
in most of the background processes, a cut ∆R(`1, `j) < 1.0, with j = {2, 3, 4}, is imposed. The
backgrounds coming from processes with multiple Z bosons can be reduced by rejecting events with
two on-shell Z’s, namely rejecting the event if there are two combinations of same-flavor opposite-sign
leptons with an invariant mass m`+`− ∈ [80, 100] GeV. No single pair of same-flavor opposite-sign
leptons is allowed with a mass above 120 GeV. Finally, the mass windows for the reconstruction of the
two Higgs bosons are chosen as

Mbb ∈ [100, 150] GeV , M4` ∈ [110, 140] GeV, (50)

and no cut on the total invariant mass of all the reconstructed objects is imposed.

After the cuts, the most relevant backgrounds are the ones coming from top pair production in
association with an Higgs or aZ boson. The cross section and event yield of all the analyzed backgrounds

10Due to the large cross section, in order to generate the tt̄ samples the following generation-level cuts are applied on the
final-state objects (`+bν`)(`

′−b̄ν̄`′):

pT,b > 40 GeV , pT,` > 30 GeV , |η`| < 2.5 , 0.1 < ∆(b, b),∆(`, `) < 2.0 . (49)
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are listed, together with the signal, in Table 33. For simplicity, only the mis-tagging of a single lepton are
considered, with the dominant process in this case being W±Zh. Processes with multiple mis-tagged
leptons are estimated to be totally negligible.

channel σ(100 TeV) (fb) N30 ab−1(ideal) N30 ab−1(LHC)

hh→ (bb̄)(`+`−`
′+`
′−) 0.26 130 41

tt̄h→ (`+bν`)(`
′−b̄ν̄`′)(2`) 193.6 304 109

tt̄Z→ (`+bν`)(`
′−b̄ν̄`′)(2`) 256.7 66 25

Zh→ (bb̄)(4`) 2.29 O(1) O(1)

ZZZ→ (4`)(bb̄) 0.53 O(1) O(1)

bb̄h→ bb̄(4`) (pT,b > 15 GeV) 0.26 O(10) O(1)

ZZh→ (4`)(bb̄) 0.12 O(10−2) O(10−2)

ZZjj→ (4`) + fake bb̄ 781.4 O(10−1) O(10−1)

hZjj→ (4`) + fake bb̄ 68.2 O(10−2) O(10−2)

W±ZZj→ (`ν`)(`
+`−)(bb̄) + fake ` 7.5 O(10−1) O(10−1)

W±Zhj→ (`ν`)(`
+`−)(bb̄) + fake ` 1.4 O(10−1) O(10−2)

Table 33: Signal and relevant backgrounds for the (bb̄)(`+`−`
′+`
′−) channel. The second column reports the

cross section after the generation cuts (for the bbh channel the additional cut listed in the table is imposed at
generation level). The third and fourth columns show the number of events, N30 ab−1 , after the cuts for the ‘ideal’
and ‘LHC’ detector parametrizations obtained by assuming an integrated luminosity of 30 ab−1.

As a result of the analysis one gets that, for the SM signal in the ideal detector parametrization,
S/
√
B + S ' 5.8 (with S/B ' 0.35). This corresponds to an estimated precision of O(20%) on the

SM cross section, which roughly corresponds to a precision of O(30%) on the Higgs trilinear coupling.
In the case of the LHC parametrization one instead has S/

√
B + S ' 3.1 (with S/B ' 0.31), which

corresponds to a precision of O(30%) on the SM cross section and of O(40%) on the Higgs trilinear.11

4.2.4.3 The hh→ (bb)(`+`−)(+/ET ) channel

As a second channel we consider the final state that includes a bb̄ and two oppositely-charged leptons.
This final state receives contributions from three different hh decay modes. The largest one comes from
hh → (bb̄)(W+W−) with the W ’s decaying (either directly, or indirectly through taus) to electrons
or muons. The second-largest contribution comes from hh → (bb̄)(τ+τ−), with both taus decaying
to electrons or muons. Both these channels include final-state neutrinos, and hence are associated with
large missing energy. A third, smaller contribution comes from hh → (bb̄)(µ+µ−), i.e. through the
direct decay of one Higgs boson to muons.

Due to the different origin of the leptons in the three processes, the kinematics varies substan-
tially. As already mentioned, in (bb̄)(W+W−) and (bb̄)(τ+τ−) large missing energy is expected. In
the (bb̄)(τ+τ−) channel, the τ leptons are light compared to the Higgs boson, hence the leptons and the
neutrinos in their decays are expected to be collimated. On the contrary, in (bb̄)(W+W−) both W ’s are
heavy, one being most of the time on-shell and the other off-shell with MW ∗ peaking at ∼ 40 GeV. In
order to take into account the different kinematics of the various sub-processes, two separate signal re-
gions are constructed. The first aims at capturing events containing rather large missing energy, targeting
the (bb̄)(W+W−) and (bb̄)(τ+τ−) channels, whereas the second is aimed towards events with minimal
missing energy that are expected to characterize the (bb̄)(µ+µ−) channel.

The object reconstruction strategy in the two signal regions is similar. Events with two tagged
b-jets and two isolated leptons are considered, with isolation criteria equal to those used in the hh →

11In order to estimate the precision on the trilinear Higgs coupling λ3 it is assumed that the dependence of the total cross
section on λ3 is the same as the one before the cuts.
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observable SR/E SRµ
/ET > 100 GeV < 40 GeV
pT,`1 > 60 GeV > 90 GeV
pT,`2 > 55 GeV > 60 GeV
∆R(`1, `2) < 0.9 ∈ (1.0, 1.8)

M`` ∈ (50, 80) GeV ∈ (120, 130) GeV
pT,b1 > 90 GeV > 90 GeV
pT,b2 > 80 GeV > 80 GeV
∆R(b1, b2) ∈ (0.5, 1.3) ∈ (0.5, 1.5)

Mbb ∈ (110, 140) GeV ∈ (110, 140) GeV
Mbb`` > 350 GeV > 350 GeV
Mreco. > 600 GeV none

Table 34: Cuts defining the two signal regions constructed in the analysis of the hh→ (b̄b)(`+`−)(+/ET ) channel.
The signal regions SR/E and SRµ are optimized for the channels with and without missing transverse energy
respectively.

(bb)(4`) analysis of Subsection 4.2.4.2. In addition to the standard observables characterizing the final
state objects, it is useful to introduce a further quantity, Mreco., aimed at reconstructing the invariant
mass of the Higgs decaying into leptons and neutrinos. Mreco. is constructed by assuming that the
missing energy arising from neutrinos in the decays of the τ leptons is collinear to the observed leptons:

Mreco. = [pb1 + pb2 + (1 + f1)p`1 + (1 + f2)p`2 ]2 , (51)

where pbi , p`i are the observed momenta of the i-th b-jet and i-th lepton and f1,2 are constants of pro-
portionality between the neutrino and lepton momenta from the decay of the two τ leptons, namely
pνi = fip`i . The latter can be calculated from the observed missing transverse energy by inverting the
missing transverse momentum balance relation L · f = /E, where L is the matrix Lji = pj`i , in which the
superscript denotes the component of the i-th lepton momentum, j = {x, y} and E and f are the vectors
/E = (/E

x
, /E

y
) and f = (f1, f2).

The two signal regions are denoted by SR/E and SRµ. The former is optimized for a signal with
significant missing transverse energy and is aimed at the decay modes (bb̄)(W+W−), (bb̄)(τ+τ−). The
second region SRµ is instead focused on events with minimal missing energy, as in the (bb̄)(µ+µ−)
channel. The cuts defining the two signal regions are listed in Table 34.

The main irreducible backgrounds for the (b̄b)(`+`−)(+/ET ) final state include the following pro-
cesses: tt̄ with subsequent semi-leptonic decays of both top quarks; bb̄Z with decays of the Z boson
to leptons; bb̄h with subsequent decays of the Higgs boson to two leptons; and the resonant hZ and
ZZ backgrounds. The two largest reducible backgrounds are also considered, coming from the mis-
tagging of a jet to a single lepton in the bb̄W± channel and the mis-tagging of a bb̄ pair in the `+`−+ jets
background. 12 As before, no mis-identification of c-jets to b-jets is included.

The signal and background cross section are shown in Table 35, where the expected number of
signal and background events in the signal region SR/E is also reported for the ‘LHC’ and the ‘ideal’
detector parametrizations. Notice that, since the same set of cuts is used for both parametrizations, the
‘ideal’ case does not necessarily provide a substantial improvement in the signal efficiency. This happens
in particular for the (bb̄)(W+W−) sample. The high signal yield in this channel allows one to determine
the SM-like hh production with fair accuracy. In the ‘ideal’ case, with 30 ab−1 integrated luminosity, a

12This last background has been estimated by simulating `+`−+ 1 parton at NLO.
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channel σ(100 TeV) (fb) N30 ab−1(ideal) N30 ab−1(LHC)

hh→ (bb̄)(W+W−)→ (bb̄)(`′+ν`′`−ν̄`) 27.16 209 199

hh→ (bb̄)(τ+τ−)→ (bb̄)(`′+ν`′ ν̄τ `−ν̄`ντ ) 14.63 385 243

tt̄→ (`+bν`)(`
′−b̄ν̄`′) (cuts as in Eq. 49) 25.08× 103 343+232

−94 158+153
−48

bb̄Z→ bb̄(`+`−) (pT,b > 30 GeV) 107.36× 103 2580+2040
−750 4940+2250

−1130

ZZ→ bb̄(`+`−) 356.0 O(1) O(1)

hZ→ bb̄(`+`−) 99.79 498 404

bb̄h→ bb̄(`+`−) (pT,b > 30 GeV) 26.81 O(10) O(10)

bb̄W± → bb̄(`±ν`) + fake ` (pT,b > 30 GeV) 1032.6 O(10−1) O(10−1)

`+`−+jets→ (`+`−) + fake bb̄ 2.14× 103 O(10−1) O(10−1)

Table 35: Signal and background cross sections for the (bb̄)(`+`− + /E) channel. Due to the limited MonteCarlo
statistics, the estimated number of events for the tt̄ and bb̄Z backgrounds has a rather limited precision (the 1σ

interval is given in the table together with the central value).

channel σ(100 TeV) (fb) N30 ab−1(ideal) N30 ab−1(LHC)

hh→ (bb̄)(µ+µ−) 0.42 86 18

tt̄→ (`+bν`)(`
′−b̄ν̄`′) (cuts as in Eq. 49) 25.08× 103 480+1100

−140 158+150
−48

bb̄Z→ bb̄(`+`−) (pT,b > 30 GeV) 107.36× 103 < 740 490+1130
−140

ZZ→ bb̄(`+`−) 356.0 O(1) O(1)

hZ→ bb̄(`+`−) 99.79 O(1) 25

bb̄h→ bb̄(`+`−) (pT,b > 30 GeV) 26.81 O(10) O(10)

bb̄W± → bb̄(`±ν`) + fake ` (pT,b > 30 GeV) 1032.6 O(10−1) O(10−1)

`+`−+jets→ (`+`−) + fake bb̄ 2.14× 103 O(10−1) O(10−1)

Table 36: Signal and background cross sections for the (bb̄)(µ+µ−) channel. Due to the limited MonteCarlo
statistics, the estimated number of events for the tt̄ and bb̄Z backgrounds has a rather limited precision. The 1σ

interval is given in the table together with the central value. For the case of bb̄Z in the ‘ideal’ parametrization, we
list the 1σ-equivalent region, since no events were left after the cuts.

large statistical significance S/
√
B + S ∼ 9.4 is expected with S/B ∼ 0.17, allowing a determination

of the total SM cross section with a precision of O(10%). This corresponds to an estimated precision
on the Higgs trilinear coupling of O(10%). In the ‘LHC’ parametrization, the statistical significance
remains fairly high, S/

√
B + S ∼ 5.7 with S/B ∼ 0.08, leading to a precision of O(20%) on the SM

cross section and O(20%) on the Higgs trilinear.

On the other hand, the prospects for the (bb̄)(µ+µ−) channel after the SRµ cuts are applied are
rather bleak: with 30 ab−1 of integrated luminosity, only a handful of events are expected with the
‘LHC’ detector parametrization with a few hundred background events, even imposing hard transverse
momentum cuts on the muons and a tight mass window on the di-muon invariant mass around the Higgs
boson mass. Because of the latter cut, turning to the ‘ideal’ situation improves the signal efficiency
substantially, since the smearing of the muon momenta is absent. Despite this, only O(80) events would
be obtained with 30 ab−1 integrated luminosity with a similar number of background events as for the
‘LHC’ parametrization. Hence, barring any significant enhancements of the rate due to new physics,
the (bb̄)(µ+µ−) contribution to the hh → (b̄b)(`+`−) final state is not expected to provide significant
information.

94

CHAPTER 2: HIGGS AND EW SYMMETRY BREAKING STUDIES

348



4.2.4.4 The hh→ (bb)(`+`−γ) channel

The hh → (b̄b)(`+`−γ) channel in the SM has a cross section σSM ' 0.21 fb, only slightly lower than
the hh→ (bb̄)(4`) one. The backgrounds are, however, substantially larger. An estimate of the relevance
of this channel can be obtained by including only the most significant irreducible backgrounds, namely
those from bb̄Zγ, tt̄γ, and hZγ, as well as the dominant reducible ones, where a photon is mis-tagged
in bb̄Z or tt̄ production.

Events are selected by requiring two leptons of the same flavor with pT,`{1,2} > {40, 35} GeV, two
anti-kt R = 0.4 b-jets with pT,b{1,2} > {60, 40} GeV, /ET < 80 GeV and a photon with pT,γ > 40 GeV.
No isolation requirements are imposed on the photon. The additional cuts are imposed: ∆R(`1, `2) <
1.8, ∆R(`1, γ) < 1.5 and 0.5 < ∆R(b1, b2) < 2.0. The invariant mass of the b-jet pair is required to be
in the range 100 < Mbb̄ < 150 GeV, while the system of the two leptons and the photon must have an
invariant mass lying in the rage 100 GeV < M`+`−γ < 150 GeV.

Even after these cuts, the bb̄Zγ background dominates the final sample, giving a signal-to-
background ratio of O(0.02− 0.03) with only O(100) signal events with 30 ab−1 integrated luminosity.
Therefore, this channel is not expected to provide significant information on the double Higgs production
process at a 100 TeV pp collider, unless a significant alteration of the hh channel is present due to new
physics effects.

4.3 Triple Higgs production and the quartic Higgs self-coupling
In this section we discuss the prospects for the measurement of the triple-Higgs production process. The
main relevance of this channel lies in the possibility of directly accessing the quadrilinear Higgs self-
coupling. The very small production cross section, however, makes the measurement of λ4 extremely
challenging.

Early work on triple-Higgs production showed that lepton colliders can not access this channel.
For instance, at an e+e− machine with a center-of-mass energy of

√
s = 1 TeV, the cross section of

the process e+e− → ZHHH is only 0.4 ab [236], leading to just 1.2 signal events when assuming the
designed integrated luminosity of 3 ab−1.

The situation can instead be more favorable at high-energy hadron colliders. In this case the main
production channel is gluon fusion, while production modes in association with a gauge bosons, namely
WHHH + X and ZHHH + X , have a negligible cross section [237]. At the 14 TeV LHC the total
SM production cross section is of the order of 0.1 fb [201, 238, 239], which is too small to be observed
with the current designed luminosity. On the other hand, at a 100 TeV hadron collider, similarly to what
happens for double-Higgs production, the gluon fusion cross section increases by almost two orders of
magnitude with respect to the LHC value, reaching about 5 fb (see Table 25). This leads to a reasonable
amount of signal events to perform a dedicated analysis.
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Fig. 69: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard
Model. The vertices highlighted with blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

The main diagrams contributing to the gluon fusion channel are shown in Fig. 69. It turns out that,
exactly as in the double-Higgs process, the main contribution to the amplitude comes from the diagrams
that do not contain the multi-Higgs interactions, namely the pentagon ones. The diagrams with a trilinear
and a quadrilinear Higgs coupling, on the other hand, are significantly suppressed. The dependence of
the total cross section on the Higgs self couplings is thus expected to be quite mild. This expectation
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is indeed confirmed by Fig. 70, which shows the total cross section as a function of the Higgs quartic
coupling. A modification of the Higgs quartic self-coupling has also a marginal impact on the kinematic
distributions, as shown in Fig. 71. These results suggest that the extraction of the λ4 coupling is a very
challenging task, and can be problematic unless the triple-Higgs production channel can be measured
with quite good accuracy.
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Fig. 70: Inclusive LO cross-section for gg → HHH as a function of the λ4 parameter. Details on the computation
can be found in Ref. [240].
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One of the most promising decay channel to observe the triple-Higgs production process is pp→
HHH → bb̄bb̄γγ. This channel combines a clear enough final state, which can be used discriminate the
signal against the various backgrounds, and a relatively large cross section. In the following subsections
we will describe the three analyses of Refs. [240–242], which focus on scenarios with different b-tagging
efficiency, namely 60%, 70% and 80%. The 60% b-tagging benchmark can be considered as a pessimistic
scenario since it assumes the current b-tagging working point at the LHC. The other two analyses, on the
other hand, give an idea of how much the prospects for measuring triple-Higgs production can improve
with a higher detector performance.
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Fig. 72: Distributions of the reconstructed Higgs mass mrec
H and invariant mass of the di-photon system mγγ for

the signal and background events.

4.3.1 Pessimistic hypothesis: 60% b-tagging efficiency
Let us first consider a “pessimistic” scenario in which the b-tagging efficiency is 60% [240]. The signal
events are generated at LO (using the MadLoop/aMC@NLO [243] and GoSam [64] packages) and the
NLO effects are taken into account through a rescaling by a k-factor k = 2. Two types of backgrounds
are considered, namely pp → bb̄jjγγ and pp → Htt̄. Parton shower and hadronization effects for the
signal events are also included by using PYTHIA [110,146], while detector effects are taken into account
through DELPHES 3.0 [147, 244]. In all the simulations the PDF set CTEQ6L1 [245] is used.

Jets are clustered using the anti-kt algorithm [83] as implemented in FASTJET [84] with a cone of
radius R = 0.5 and minimum pT (j) = 30 GeV. For photon identification, the maximum reconstruction
efficiency is assumed to be 95%, for transverse momentum pT (γ) > 10 GeV and rapidity |η(γ)| ≤ 2.5,
whereas it decreases to 85% for 2.5 < |η(γ)| ≤ 5.0. Pile-up effects are neglected. The b-tagging
procedure is implemented by mimicking the 60% b-jet efficiency LHC working point. The (mis-)tagging
efficiencies vary as a function of the transverse momentum pT and rapidity η of the jets. For a transverse
momentum of pT (j) = 120 GeV, the b-tagging efficiencies for (b, c, light) jets are (0.6, 0.1, 0.001),
while they drop to (0.28, 0.046, 0.001) at pT (j) = 30 GeV.

In order to suppress the large background and select the most relevant events, several preselection
cuts are introduced.

1. Only events with 4 or 5 jets are considered, including at least 2 tagged b-jets. The transverse
momenta of the jets are required to be pT (j) > 30 GeV.

2. The events are required to contain exactly 2 isolated photons with pT (γ) > 30 GeV.
3. The total number of jets reconstructed by the detector is required to be ≤ 5 (this cut aims at

suppressing the pp→ tt̄H background with fully hadronic tt̄ decays, where t→ bW+).
4. Events with MET > 50 GeV are vetoed (this cut aims at decreasing the pp→ tt̄H background).

In order to cope with the combinatoric issues, a “Higgs reconstructed mass” mrec
H is constructed by

considering all possible jet pairings and selecting the permutation that minimizes the χ-squared fit to
three decaying particles with a mass mrec

H . Events with large χ-square (χ2 > 6.1) are discarded. The
reconstructed Higgs mass is then required to be in the window |mrec

H − 126 GeV | < 5.1 GeV. A similar
chi-square technique [246] is used to look for the presence of a top final state and reject those type of
events. The distribution of the reconstructed mass mrec

H and of the photons invariant mass mγγ is shown
in Fig. 72 for the signal and backgrounds events.
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Signal bb̄jjγγ Htt̄ S/B S/
√
B

preselection 50 2.3× 105 2.2× 104 2.5× 10−4 0.14

χ2
H,min < 6.1 26 4.6× 104 9.9× 103 5.0× 10−4 0.14

|mrec
H − 126 GeV| < 5.1 GeV 20 1.7× 104 7.0× 103 8.1× 10−4 0.15

Table 37: Signal sensitivity in the “pessimistic” scenario after each group of selection cuts is imposed. The
integrated luminosity is assumed to be 30 ab−1.

The impact of the various cuts listed before is shown in Table 37. The ratio S/B can be enhanced
by almost one order of magnitude, but the signal significance S/

√
S +B ' 0.15 remains quite poor.

The small size of the signal cross section, combined with the smearing induced by the finite detector
resolution, prevents an efficient suppression of the background. More sophisticated analysis strategies
(multivariate approaches and boosted decision trees) or the variation of the number of tagged b-jets do not
substantially modify the results and only allow a marginal improvement in the signal significance. With
such low sensitivity and weak dependence of the cross-section on the Higgs quartic self-coupling, the
analysis considered in this subsection is expected to lead to a determination of λ4 in the range [−20, 30]
with an integrated luminosity of 30 ab−1.

4.3.2 Intermediate hypothesis: 70% b-tagging efficiency
The second scenario considered is an “intermediate” one in which the b-tagging efficiency is assumed to
be 70% [242]. For this analysis the signal and background events are generated by convoluting the LO
hard-scattering matrix elements (calculated by MADGRAPH5_AMC@NLO) with the NNPDF 2.3 set
of parton densities [114]. To take into account NLO effects the background samples are conservatively
rescaled by including a k-factor of 2. All generated final-state particles are required to have a transverse-
momentum pT > 15 GeV, a pseudorapidity |η| < 5 and to be isolated from each other by an angular
distance, in the transverse plane, of ∆R > 0.4. Parton shower, hadronization, underlying event and pile-
up effects are not included. Detector effects are taken into account by including generic reconstruction
features based on the ATLAS detector performances, namely a smearing of the momentum and energy
of the photons and jets [235, 247]. In particular, photons can be remarkably well reconstructed with a
resolution that only weakly depends on the energy. One consequently expects that a relatively narrow
peak, centered on the true Higgs-boson mass value, will emerge in the diphoton invariant-mass spectrum.
As already mentioned, the b-tagging efficiency is assumed to be 70% and the related mistagging rates for
a c-jet and a light jet are taken to be 18% and 1% respectively [248].

Events are preselected by demanding that they contain at least four central jets and exactly two
central photons with |η| < 2.5. The transverse momenta of the four leading jets are required to be greater
than 50, 30, 20 and 15 GeV, and the ones of the two photons to satisfy pγ1T > 35 GeV and pγ2T > 15 GeV.
In order to reduce the signal contamination from jets misidentified as photons, isolation constraints on
the photons are imposed, namely the transverse energy lying in a cone of radius R = 0.3 centered on
each photon is required to be smaller than 6 GeV [249]. After the preselection, the two Higgs bosons
originating from the four jets are reconstructed and their invariant masses mjjk (with k = 1, 2) are
required to satisfy |mh −mjjk | < 15 GeV. In order to solve possible combinatorics issues, the correct
two dijet systems are selected as the combination of jets that minimizes the mass asymmetry

∆jj1,jj2 =
mjj1 −mjj2

mjj1 +mjj2

. (52)

The third Higgs boson is reconstructed from the diphoton system whose invariant mass mγγ is required
to be in a window |mh −mγγ | < M with M ∈ [1, 5] GeV. For the minimal number of b-tagged jets,
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Selection step Signal γγbb̄jj γγZbbjj γγtt̄ Significance

Preselection 2.6 ab 4.2× 106 ab 5.3× 104 ab 1.1× 105 ab 6× 10−3 σ

|mh −mjj1,2 | < 15 GeV 2.0 ab 1.7× 105 ab 1.8× 103 ab 1.1× 104 ab 0.021σ

|mh −mγγ | < 5 GeV 2.0 ab 6.9× 103 ab 68 ab 500 ab 0.1σ

mjjjj < 600 GeV 1.7 ab 6.9× 103 ab 68 ab 280 ab 0.089σ

Nmin
b = 2 1.4 ab 1.3× 103 ab 27 ab 74 ab 0.17σ

Nmin
b = 3 1.1 ab 160 ab 3.5 ab 12 ab 0.37σ

Nmin
b = 4 0.42 ab 1.3 ab 0.27 ab 0.26 ab 1.3σ

|mh −mγγ | < 2 GeV 2.0 ab 2.9× 103 ab 34 ab 210 ab 0.16σ

mjjjj < 600 GeV 1.7 ab 2.9× 103 ab 34 ab 120 ab 0.14σ

Nmin
b = 2 1.3 ab 890 ab 17 ab 25 ab 0.19σ

Nmin
b = 3 1.1 ab 76 ab 0.33 ab 5.2 ab 0.54σ

Nmin
b = 4 0.40 ab 0.62 ab 1.7× 10−3 ab 0.15 ab 1.7σ

|mh −mγγ | < 1 GeV 1.5 ab 1.2× 103 ab 34 ab 94 ab 0.18σ

mjjjj < 600 GeV 1.3 ab 1.2× 103 ab 34 ab 54 ab 0.16σ

Nmin
b = 2 1.0 ab 590 ab 17 ab 17 ab 0.18σ

Nmin
b = 3 0.84 ab 59 ab 0.33 ab 1.7 ab 0.48σ

Nmin
b = 4 0.31 ab 0.54 ab 1.7× 10−3 ab 0.065 ab 1.5σ

Table 38: Effects of the selection strategy in the “intermediate” analysis for the SM case. The signal and back-
ground cross sections after each of the selection steps is shown. The last column shows the signal significance
computed for a luminosity 20 ab−1.

Nmin
b , different options are considered, namely Nmin

b ∈ [2, 4]. Finally the invariant mass of the four-jet
system is required to be smaller than 600 GeV. This cut has the advantage of significantly reducing the
γγtt̄ background without affecting the signal since jets arising from a top quark decay are generally
harder. As a result, the dominant sources of background consist of γγbb̄jj, γγZ(→ bb)jj and γγtt̄.13

The effects of the selection strategy for the SM case are shown in Table 38. In the table the results
are given for different choices of the diphoton invariant-mass resolution M and of the minimum number
of required b-tagged jetsNmin

b . For allM values, a requirement of four b-tagged jets is needed in order to
achieve a fair sensitivity to the signal. With this choice a significance around 1.7σ can be obtained. The
signal significance σ as a function of the Higgs trilinear and quartic self-couplings is shown in Fig. 73
for a luminosity of 20 ab−1. In the figure two benchmarks withM = 5 GeV andM = 2 GeV are shown.
In both benchmarks 4 tagged b-jets are required, since this choice maximizes the significance.14

A strong dependence on the Higgs trilinear coupling κ3 ≡ λ3 − 1 is found due to the jet and
photon pT distributions that are harder when κ3 is large and positive, while the analysis turns out to
be less sensitive to the quartic Higgs coupling κ4 ≡ λ4 − 1. For the benchmark value M = 2 GeV,
Nmin
b = 4 (left panel of Fig. 73), a good fraction of the parameter space is covered at the 3σ level

for negative κ3 values. On the other hand, in the SM case (κ3 = κ4 = 0) a signal significance of at
most ∼ 2σ can be obtained. In all studied setups, the significance isolines closely follow the total cross
section and thus it is very challenging to get any sensitivity for positive shifts in the Higgs self couplings
(κ3,4 > 0).

13The additional backgrounds h(→ γγ)h(→ bb)Z(→ bb) and h(→ γγ)bb̄bb̄ are also considered in the analysis, but are
found to give a negligible contribution.

14Analogous plots for M = 1 GeV and for a different number of tagged b-jets can be found in the original paper [242].
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Fig. 73: Sensitivity of the FCC to the production of a triple-Higgs system decaying into a γγbb̄bb̄ final state for
two different choices of the M in the “intermediate” scenario.

4.3.3 Optimistic hypothesis: 80% b-tagging efficiency
As a final case consider the “optimistic” scenario with a b-tagging efficiency of 80% [241]. In this
analysis a cut of |η| < 5 and pT > 400 MeV is introduced on all particles of all event samples consid-
ered. Jets are reconstructed from hadrons using the anti-kt algorithm [82, 84], with a radius parameter
of R = 0.4. Only jets with pT > 40 GeV and |η| < 3.0 are kept (this includes b-jets). An ideal
reconstruction efficiency of 100% is assumed for the photons, which are required to satisfy the condi-
tions |η| < 3.5 and pT > 40 GeV. A crude estimate of the detector effects is included through jet-to-
photon mis-identification probability and an heavy flavour (mis-)tagging efficiency. The jet-to-photon
mis-identification probability is set to pj→γ = 10−3 and is assumed to be constant in the whole kine-
matic range considered. A flat b-jet identification rate of 80% is assumed, while the mis-tagging of a
light jet to bottom-quark-initiated jet is set to be 1%. All photons are required to be isolated, namely in a
cone of radius ∆R = 0.2 around the photon, the sum of the transverse momenta of particles, i.e.

∑
i pT,i,

should be less than 15% of the photon transverse momentum. The jet momenta are not smeared since a
large (60 − 80 GeV) invariant bb̄ mass window is considered in the analysis. The photon momenta are
also not smeared, reflecting the fact that the photon momentum resolution at LHC is already at the∼ 1%
level.

Given the large cross sections of processes with high-multiplicity final states at a 100 TeV collider,
the only processes fully generated at parton level are those that include true photons and true b-quarks.
This implies that light extra jets are generated only at the parton shower level, which is included via
HERWIG++ [227,228,250–252].15 Additional phase-space cuts applied to the samples bb̄bb̄, bb̄bb̄γ, bb̄bb̄γγ
and bb̄γγ are shown in Table 39.

As a requirement for the signal sample, four b-jets, or light jets mis-identified as b-jets, are required
with |η| < 3.0, with transverse momenta pT,b{1,2,3,4} > {80, 50, 40, 40} GeV, where the subscripts 1, 2,
3, 4 denote the first, second, third and fourth hardest b-jets respectively. Two photons, or jets mis-
identified as photons, are required with |η| < 3.0 and pT,γ{1,2} > {70, 40} GeV. Due to the fact that it is
impossible for the majority of b-jets to identify whether they originated from a b-quark or an anti-b-quark,
there exists a 3-fold combinatorial ambiguity in combining b-jets into the two Higgs boson candidates.
As a simple choice, the highest-pT b-jet is paired with its closest b-jet in ∆R =

√
∆η2 + ∆φ2, while

15HERWIG++ is also used to simulate hadronization and underlying event effects. Pile-up events, instead, are not considered.
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observable PS cut

pT,b > 35 GeV, at least one > 70 GeV

|ηb| < 3.2

pT,γ > 35 GeV, at least one > 70 GeV

|ηγ | < 3.5

∆Rγγ > 0.2

mγγ ∈ [90, 160] GeV

Table 39: The phase-space cuts imposed on the background samples bb̄bb̄, bb̄bb̄γ, bb̄bb̄γγ, bb̄γγ in the “optimistic”
scenario.

other two remaining b-jets are paired together.16 The invariant masses of the b-jet paired are constructed,
mclose,1
bb and mclose,2

bb respectively, which are required to be mclose,1
bb ∈ [100, 160] GeV and mclose,2

bb ∈
[90, 170] GeV. The rather large mass windows are chosen so as to retain most of the already rare signal.
Moreover, the distance between the highest-pT b-jet and the corresponding paired one is constructed and
restricted to be within ∆Rclose,1

bb ∈ [0.2, 1.6].17 The invariant mass of the photon pair is required to be in
a small window around the measured Higgs boson mass mγγ ∈ [124, 126] GeV.18 Finally, the distance
between the two photons is required to be within ∆Rγγ ∈ [0.2, 4.0]. The selection cuts are summarized
in Table 40.

observable selection cut

pT,b{1,2,3,4} > {80, 50, 40, 40} GeV
|ηb| < 3.0

mclose,1
bb ∈ [100, 160] GeV

mclose,2
bb ∈ [90, 170] GeV

∆Rclose,1
bb ∈ [0.2, 1.6]

∆Rclose,2
bb no cut

pT,γ{1,2} > {70, 40} GeV
|ηγ | < 3.5

∆Rγγ ∈ [0.2, 4.0]

mγγ ∈ [124, 126] GeV

Table 40: Final selection cuts imposed in the “optimistic” analysis of the (bb̄)(bb̄)(γγ) final state.

The signal cross section after the cuts as well as the list of background processes considered in the
analysis is given in Table 41. The most significant backgrounds are the QCD production of bb̄bb̄γγ, along
with all processes involving the production of only two Higgs boson in association with extra jets of QCD
origin. More precisely, the latter class of processes closely reproduces the kinematic distribution of the
signal, since in this case the tight di-photon mass window is of no help. Moreover, the Higgs bosons in di-
Higgs production processes are harder on average than those in hhh, thus passing transverse momentum
cuts easily. This background could be tackled in future studies with a h → bb̄ tagging algorithm based
on the jet substructure analysis techniques that exploit the differences between the energy spread of fat

16An alternative method based on the minimization of the squared sum of (mbb −mh) from each b-jet combination yields
results that differ by only O(1%) compared to the simpler ∆R method.

17The distance between the other paired b-jets was not found to have significant discriminating power.
18This cut implies that the di-photon resolution must be better than ∼ 1 GeV at the FCC-hh. The current resolution at the

LHC is 1− 2 GeV, [253,254] and thus it is not unreasonable to expect a marginally improved resolution at the detectors of the
future collider.
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process σLO (fb) σNLO × BR× Ptag (ab) εanalysis N cuts
30 ab−1

hhh→ (bb̄)(bb̄)(γγ), SM 2.89 5.4 0.06 9.7

bb̄bb̄γγ 1.28 1050 2.6× 10−4 8.2

hZZ, (NLO) (ZZ → (bb̄)(bb̄)) 0.817 0.8 0.002 � 1

hhZ, (NLO)(Z → (bb̄)) 0.754 0.8 0.007 � 1

hZ, (NLO) (Z → (bb̄)) 8.02× 103 1130 O(10−5) � 1

bb̄bb̄γ + jets 2.95× 103 2420 O(10−5) O(1)

bb̄bb̄ + jets 5.45× 103 4460 O(10−6) � 1

bb̄γγ + jets 98.7 4.0 O(10−5) � 1

hh + jets, SM 275 593 7× 10−4 12.4

Table 41: List of the various processes considered in the “optimistic” analysis of the (bb̄)(bb̄)(γγ) final state. The
parton-level cross section, including the cuts given in the main text is presented as well as the analysis efficiency
and the expected number of events at 30 ab−1. A flat k-factor of k = 2.0 has been applied to all tree-level processes
(including hh+jets) as an estimate of the expected increase in cross section from LO to NLO. The hZZ, hhZ and
hZ processes have been produced at NLO and hence no k-factor is applied.

b-jets originating from Higgs decay and the one of fat b-jets from QCD gluon splitting 19. The expected
sensitivity to triple Higgs production in the SM obtained with this analysis is S/

√
B ∼ 2.1 for 30 ab−1,

with S/B ∼ 0.5. Finally, assuming that the trilinear Higgs coupling is not modified from the SM value,
it can be estimated that the λ4 parameter can be constrained to the range λ4 ∈ [∼ −4,∼ +16] at 95%
confidence level with an integrated luminosity of 30 ab−1 .

4.3.4 Prospects of measuring the Higgs quartic self-coupling
The comparison among the three analyses presented in this section allows one to draw some general
conclusions about the possibility to measure the triple-Higgs production cross section and to extract the
Higgs quadrilinear self-coupling.

A crucial element that determines the experimental sensitivity are the efficiency and the fake re-
jection rates of the b-tagging procedure. The “pessimistic” and ”intermediate” analyses indeed show that
two and even three b-tags are not sufficient to efficiently suppress the large backgrounds. In particular,
as it can be seen from Table 38, the γγbbjj background can only be kept under control with 4 b-tags,
a choice that allows one to reduce it to a level comparable with the SM signal yield. In this situation
the overall efficiency of the b-tagging procedure becomes an essential ingredient to determine the sen-
sitivity of the search. An increase in the reconstruction efficiency from the 60% level assumed in the
“pessimistic” analysis to the 70% used in the “intermediate” one already implies an enhancement of the
signal by almost a factor two. An 80% efficiency would instead increase the number of reconstructed
signal events by a factor three. A minimal b-tagging efficiency of 70% seems thus necessary to achieve
some sensitivity to the signal.

It must be however noticed that an increase in the b-tagging efficiency can be effective only if it
can be achieved by keeping the fake rejection rates to an acceptable level (namely at most ∼ 1% for the
light jets and 10 − 20% for c-jets). Indeed, in all the analyses the main backgrounds include some with
fake b-jets (e.g. γγbbjj in the “pessimistic” and “intermediate” analyses and hhjj in the “optimistic”
one).

Another element that can significantly affect the analysis is the experimental resolution in the
19Note that the additional two b-jets in hh+jets and hZ+jets have been generated by gluon splitting into bb̄ performed by the

shower Monte Carlo program.
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reconstruction of the invariant mass of the di-photon system, mγγ . This resolution affects linearly the
size of the backgrounds containing two photons not coming from an Higgs boson decay, as in the case
of the γγbbjj and γγbbbb non-resonant backgrounds. As it can be seen from the “pessimistic” and
”intermediate” analyses (see in particular the cut-flow in Table 38) a resolution around 1 − 2 GeV is a
minimal requirement for the analysis to be effective.

An important ingredient to be further investigated is the relevance of the various backgrounds in
the analysis when showering and detector effects are included. From the available analyses, it seems that
different choices for the cut strategy can be used, which lead to comparable sensitivity to the signal, but
significantly change the relevance of the various backgrounds.

Summarizing the results of the “intermediate” and “optimistic” analyses, it seems that in a realistic
situation a signal comparable to the SM one would lead to a significance around 2σ. This would allow
an O(1) determination of the production cross section. The situation could get better if a modification
of the trilinear Higgs coupling is present. In particular a negative shift in λ3 would lead to a significant
increase in the signal cross section allowing for a higher significance as shown in Fig. 73.

The prospects for extracting the quartic Higgs self-coupling, unfortunately, are not very promising.
As mentioned before, the dependence of the HHH production cross section on λ4 is very mild (see
Fig. 71) and an order-one change in the signal can only be obtained for large deviations (|δλ4| & 5)
with respect to the SM value. As a reference result we can quote the one obtained in the “optimistic”
scenario, in which the quartic self-coupling, in the absence of modifications of the other Higgs couplings,
is expected to be constrained in the range λ4 ∈ [∼ −4,∼ +16] with an integrated luminosity of 30 ab−1.
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5 BSM aspects of Higgs physics and EWSB
5.1 Introduction
In this chapter, we explore the discovery potential of BSM Higgs sectors at a 100 TeV collider. In
doing so we draw upon a rich literature, as well as several original studies. An overview is provided in
Section 5.2, where we briefly review some of the motivations for BSM Higgs sectors which are explored
in more detail in later sections. We also identify the most important unique physics opportunities at a
100 TeV collider, especially in connection to Higgs physics. These represent measurements or insights
into BSM scenarios that are qualitatively impossible to glean from the LHC or a lepton collider program.
Finally, we argue that a 100 TeV collider is uniquely versatile as a tool for exploring BSM Higgs sectors,
since it acts as both a high-energy direct production machine as well as an intensity-frontier precision
tool for exploring the uncolored TeV scale. This perspective provides guidance for future detector design,
especially regarding the reconstruction of soft or exotic objects, to ensure that the full discovery potential
of a 100 TeV collider is realized.

More detail is provided in Sections 5.3 - 5.6. We outline the motivation for BSM Higgs sectors
in the context of several unresolved mysteries: the dynamics of the electroweak phase transition and
its possible connection to baryogenesis, the nature of dark matter, the origins of neutrino masses, and
solutions to the Hierarchy Problem. In each case, we identify the most promising signatures at a 100
TeV collider, and outline the vital role such a machine would play in testing these extensions of the SM
via its exploration of BSM Higgs sectors.

Finally, we examine the reach of a 100 TeV collider for general BSM Higgs sectors in Section 5.7,
with particular attention paid to the mass reach of heavy Higgs direct production in 2HDM and singlet
extensions of the SM scalar sector. Such extensions are relevant in their own right, but also occur as
part of more complete theories which address the above-mentioned mysteries. The high mass reach of a
100 TeV collider makes direct production of new Higgs states one of the most important and promising
physics goals.

5.2 Overview
5.2.1 Motivations for BSM Higgs Sectors
Here we briefly summarize the most important motivations for the existence of BSM Higgs sectors, both
experimentally and theoretically. This is explored in more detail in Sections 5.3 - 5.6. Additional details
on the cosmological implications of BSM Higgs sectors and their phenomenological consequences may
be found in Refs. [255, 256].

5.2.1.1 The Electroweak Phase Transition and Baryogenesis

It is well-known that the SM cannot explain the origin of the matter-antimatter asymmetry, characterized
by the tiny baryon-to-photon ratio [257]:

YB =
nB
s

= (8.59± 0.11)× 10−11 (Planck) (53)

where nB (s) is the baryon number (entropy) density. This tiny baryon asymmetry of the universe
(BAU) nevertheless comprises roughly 5% of the present cosmic energy density. Explaining why it
is not significantly smaller is a key challenge for BSM physics. While it is possible that the universe
began with a non-zero BAU, the inflationary paradigm implies that the survival of any appreciable BAU
at the end of inflation would have been highly unlikely. Thus, one looks to the particle physics of the
post-inflationary universe to account for the observed value of YB .

The necessary particle physics ingredients, identified by Sakharov [258] nearly half a century ago,
include:

1. baryon number violation;
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2. C- and CP-violation; and
3. either departure from equilibrium dynamics or CPT-violation.

While the SM contains the first ingredient in the guise of electroweak sphalerons, it fails with respect
the second and third. The known CP-violation associated with the SM CKM matrix is too feeble to
have produced an appreciable YB , and the SM universe was never sufficiently out-of-equilibrium to have
preserved it, even if it had been sufficiently large. Consequently, BSM interactions are needed to remedy
these shortcomings.

A number of theoretically attractive BSM baryogenesis scenarios have been developed over the
years, with greater or lesser degrees of testability. From the high energy collider standpoint one of the
most interesting possibilities is electroweak baryogenesis (EWBG) (for a recent review, see Ref. [259]).
EWBG requires that electroweak symmetry breaking (EWSB) occur via a strong, first order electroweak
phase transition (EWPT). For the SM universe, lattice studies indicate EWSB takes place through a cross
over transition, as the observed mass the of the Higgs-like scalar is to heavy to allow for a first order
transition. Nevertheless, the presence of additional scalar fields in BSM Higgs scenarios could allow for
a first order transition in a variety of ways, as discussed in detail in Section 5.3.

Present measurements of Higgs properties imply that these new scalars are unlikely to be charged
under SU(3)C . Since they must couple to the SM Higgs scalar in order to affect the thermal history
of EWSB, they necessarily also contribute to the Higgs production cross section in gluon-gluon fusion
if they are charged under SU(3)C . Recent model-independent studies as well as analyses of the “light
stop" catalyzed EWPT in the MSSM and simple extensions [260–262], indicate that a strong first order
EWPT is usually incompatible with Higgs signal data if the new scalar is colored. Consequently, any
new scalars that enable a first order EWPT are likely to be SU(3)C singlets.

Present data still allow for first order EWPT-viable scalar sector extensions to contain SU(2)L ×
U(1)Y non-singlets as well as scalars that carry no SM charges and that interact with the Higgs solely via
Higgs portal interactions. In either case, discovery at the LHC and possibly future e+e− is possible, but
probing the landscape of possible scenarios will require a higher energy pp collider, given the generically
small production cross sections. A detailed discussion appears in Section 5.3.

In considering the EWPT, several additional observations are worth bearing in mind. First, the
existence of a strong first order EWPT is a necessary condition for successful EWBG, but not a guarantee
that the BAU was produced during the era of EWSB. The CP-violation associated with the BSM Higgs
sectors may still have been too feeble. In this respect, probes of BSM CP-violation with searches for
permanent electric dipole moments of atoms, molecules, nucleons and nuclei provide a powerful probe,
as do studies of CP-violating observables in heavy flavor systems under certain circumstances. Second,
there exist well-motivated weak scale baryogenesis scenarios that do not rely on a first order EWPT, such
as the recently introduced “WIMPY baryogenesis" paradigm [263]. Nevertheless, since our emphasis in
this section falls on BSM Higgs, we will concentrate on the implications for EWBG.

Against this backdrop, understanding the thermal history of EWSB is interesting in its own right,
independent from the EWBG implications. For example, it could have implications for the generation of
primordial gravitational waves [264]. By analogy, we note that exploring the phase diagram of QCD has
been a topic of intense theoretical and experimental effort for several decades, involving a combination
of lattice QCD studies and experiments at the Relativistic Heavy Ion Collider and ALICE detector at the
LHC. With the additional motivations for BSM Higgs sectors to be discussed below, it is interesting to
ask about the implications of these SM extensions for the phase diagram of the electroweak sector of the
more complete theory that enfolds the SM. Both discovery of new scalars as well as detailed probes of
the scalar potential will in principle allow us to flesh out the thermal history of EWSB.
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5.2.1.2 Dark Matter

The astrophysical and cosmological evidence for the existence of Dark Matter is overwhelming. How-
ever, these observations almost entirely rely on DM’s gravitational interactions, revealing little informa-
tion about its identity or interactions with the SM. Determining just what constitutes the DM, how it
interacts, and why it comprises roughly 27% of the energy density of the present universe is one of the
key challenges at the interface of particle physics and cosmology. From a particle physics standpoint,
many BSM theories admit a variety of DM candidates of various types (cold DM, axions, etc.) but the
lack of a signal to date leaves all possibilities open.

Experimentally, a host of dark matter direct detection experiments are looking for nuclear recoils
from collisions with ambient DM, under the assumption that interactions are not too weak. The sensi-
tivity of these searches has increased tremendously, and one expects that they will enter the neutrino-
background dominated regime in the next few decades. If a signal is detected, additional measurements
from either astrophysics or collider experiments would not only corroborate the existing evidence for
dark matter but would help reveal its particle nature and interactions. Indeed, recent astrophysical obser-
vations, such as the positron excess observed by the Pamela, Fermi-LAT, and AMS-02, or the excess of
gamma rays at 2.2 GeV from the galactic center, provide tantalizing clues and have inspired a flurry of
particle physics model-building. Even if these indirect signatures prove to be entirely of astrophysical
origin and direct detection experiments continue yield null results,20 cosmological constraints like the
DM relic abundance and its effect on large-scale structure formation could still point towards certain
interactions with the SM.

Colliders can probe dark matter through direct production of pairs of dark matter particles, χ.
Since dark matter is stable on cosmological timescales, the process pp → χχ is unobservable since
χ leaves no visible trace in the detector. Consequently, one must look for a visible signature arising
from production of additional visible particles in association with χ pairs. The standard collider search
strategy involves pp → χχ + X , where X may be a jet, SM gauge boson, or even the SM Higgs boson
– the so-called “mono-X plus missing energy" signature. Depending on the specific dark matter model,
the reach in Mχ anticipated by the end of the LHC high luminosity phase is projected to be a few TeV.

Dark matter can either be a part of the scalar sector, or connected to the SM via a scalar portal.
Furthermore, it is possible that the dark matter mass and nature of its interactions would make observation
in the mono-X plus MET channel inaccessible at the LHC. For example, if the Higgs sector is extended
in inert-doublet models [265] to include a dark matter candidate, which is very hard to detect at the LHC
for masses heavier than a few hundred GeV. The situation is even more severe for scalars in non-doublet
electroweak representations, which typically requires a mass in the 2-3 TeV range in order to saturate the
observed relic abundance under a thermal dark matter scenario (lighter states would annihilate away too
quickly due to gauge interactions). The corresponding production cross section can be far too small to
be LHC accessible, but with the higher energy and associated parton luminosity, a 100 TeV pp collider
could allow for discovery. The extended scalar sector associated with such a scenario would also provide
rich opportunities for discovery and characterization.

The conclusions are similar for scenarios where scalars are responsible for the interactions of DM
with the SM. For example, if the DM is part of a hidden sector, it may communicate solely to the SM
Higgs sector through the exchange of a SM gauge singlet scalar, making the Higgs sector our only portal
to the dark sector. Direct searches for this mediator or for dark matter production through the mediator
are complementary to direct detection experiments. The high mass reach and luminosity of a 100 TeV
collider allows it to probe TeV-scale mediator and dark matter masses [266, 267], a feat which is very
difficult to accomplish for most scenarios at the LHC. This will be discussed in more detail in Section 5.4.

20While a few direct detection experiments have reported positive signals, they remain inconclusive
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5.2.1.3 Origins of Neutrino Mass

Explaining the origin of the small scale of neutrino masses, relative to the masses of the other known
elementary fermions, remains a forefront challenge for particle and nuclear physics. While the Higgs
mechanism thus far appears to account for the non-vanishing masses of the charged fermions and elec-
troweak gauge bosons, the significantly smaller scale of the active neutrino masses, as inferred from
neutrino oscillation and nuclear β-decay, suggests that an alternate mechanism may be responsible in
this sector. The longstanding, theoretically favored explanation, the see saw mechanism, postulates the
existence of additional fields whose interactions with the SM lepton doublets violates total lepton number.
The fields may be right-handed, electroweak gauge singlet neutrinos; scalars that transform as triplets
under SU(2)L; or fermions that transform as electroweak triplets. These three possibilities correspond to
the Type I, II, and III see-saw mechanisms, respectively (for a recent review, see, e.g., Ref. [268]).21 The
light neutrino masses are inversely proportional to the mass scale Λ of the new fields, with

mν ∼
Cv2

Λ
(54)

where v = 246 GeV is the weak scale and C involves one or more of the coupling constants in the
specific realization.

For C ∼ O(1) one has Λ ∼ O(1014 − 1015) GeV, a scale that is clearly inaccessible to terrestrial
experiments. However, there exist a well-motivated variations on the conventional see-saw mechanism
in which Λ may be at the TeV scale, such as low-scale see-saw scenarios or radiative neutrino mass
models. In this case, direct production of the new fields may be accessible in high-energy pp collisions.
Of particular interest to this chapter are situations involving new scalars, as in the Type II see-saw mech-
anism or radiative neutrino mass models. A discussion of the opportunities for discovery of these new
scalars and their neutrino mass-related properties with a 100 TeV pp collider appears in Section 5.5.

5.2.1.4 Naturalness

The SM can be viewed as a Wilsonian effective field theory with a finite momentum cutoff Λ, param-
eterizing the scale at which new degrees of freedom appear. In that case, the EW scale is not stable
with respect to quantum corrections from the UV. This Hierarchy Problem is most transparent in the
expression for the physical Higgs mass parameter in the SM Lagrangian, which sets the electroweak
scale:

µ2 = µ2
0 +

3y2
t

4π2
Λ2 + . . . , (55)

where the first term is the bare Higgs mass term and the second term is the dominant radiative contribu-
tion, which arises from top quarks at one-loop. If Λ is much higher than a TeV these loop corrections
are much larger than the physical Higgs mass, meaning the EW scale is tuned. Naturalness, as a guiding
principle for BSM model building, suggests one of the following:22

(a) New degrees of freedom appear at the TeV scale to regulate this quadratic divergence, thereby
protecting the Higgs mass from large UV contributions. This motivates supersymmetric solutions
to the hierarchy problem, where stops below a TeV cancel the top loop.

(b) The Higgs ceases to be a sensible degree of freedom above the TeV scale. This is the case for
techni-color, or more recently Composite Higgs type solutions to the Hierarchy Problem.

21Note that in left-right symmetric models, the Type II see-saw mechanism contains a parallel structure involving SU(2)R
scalars.

22The only known counterexample to this reasoning is the so-called “dynamical solution" to the hierarchy problem, the
relaxion [269]. The minimal relaxion scenario has no interesting predictions for the collider experiments. However, it is not yet
clear that a full consistent relaxion model, consistent with the cosmological constraints, exists.
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There is, at least naively, some tension between the expectations of Naturalness and null results from
recent LHC searches. Even so, standard supersymmetric or composite theories could still show up at
LHC run 2. Some scenarios, including more exotic theoretical realizations of naturalness, could escape
detection at the LHC all-together. This makes it vital to study their signatures at a 100 TeV collider.

Given the direct connection between the Higgs boson and the Hierarchy Problem, it is not surpris-
ing that Naturalness is strongly connected to BSM Higgs sectors. This is explored in detail in Section 5.6.

For example, supersymmetric theories feature larger Higgs sectors than the single SM doublet in
order to cancel anomalies; the MSSM realizes a particular subset of Type 2 Two-Higgs Doublet models.
Direct production of additional TeV-scale Higgs states will therefore be an important physics goal of a
100 TeV collider. The existence of top partners or the composite nature of the Higgs can also change
the Higgs couplings to SM particles at loop- and tree-level respectively. Additional light states can be
part of these extended Higgs sectors. This makes exotic Higgs decays an attractive signature, given the
huge production rates for the SM-like Higgs boson at a 100 TeV collider. Finally, the full structure of
the natural theory implies the existence of additional EW-charged states at or near the TeV scale, such as
vector resonances in Composite Higgs theories or EWinos in supersymmetry.

An especially enticing scenario for the 100 TeV collider are theories of Neutral Naturalness, like
the Twin Higgs [270] or Folded SUSY [271]. In these theories, the quadratically divergent top contri-
bution to the Higgs mass is cancelled at one-loop by colorless top partner states, which only carry EW
quantum numbers or can even be SM singlets. While there are some very attractive discovery avenues for
the LHC, many cases can only be probed at future lepton and hadron colliders. This can lead to a plethora
of signatures, including exotic Higgs decays to long-lived particles, direct production of uncolored top
partners through the Higgs portal, and Higgs coupling deviations or direct production of new singlet
states due to mixing effects. Perhaps the most exciting possibility is discovering many states carrying
SM charges with masses in the 5 - 10 TeV range, which are predicted by all known UV completions of
Neutral Naturalness. The 100 TeV collider is the only machine that would allow us to explore the full
symmetry underlying these theories.

5.2.1.5 BSM Scalar Sectors

We discussed above several theories or frameworks which address the strength of the electroweak phase
transition, the hierarchy problem, dark matter, and the origin of neutrino masses. All of them involve
extended scalar sectors. However, the list of scenarios we study is not exhaustive, and no matter where
we turn, BSM model building often involves modifying the Higgs sector. For example, Flavor is usually
seen as a problem in theories with more elaborate Higgs sectors because heavy Higgs mass eigenstates
are not necessarily aligned in flavor space, leading to unacceptable tree-level contributions to FCNC pro-
cesses. This problem could turn into a virtue, as the richer Higgs-induced flavor structure may be used
to explain the pattern of quark and lepton masses. Examples are the extension of the flavor symmetry
to the Higgs sector [272], the gauging of the flavor group [273], the Froggatt-Nielsen scheme [274],
or higher-dimensional Yukawa couplings [275, 276]. The purported instability of the SM scalar po-
tential [16, 277, 278] may also motivate extended scalar sectors. It can be interpreted as indicating the
existence of new particles, and introducing new Higgs bosons is the most economical solution [279–285].

These considerations suggest that maybe the right question is not why additional Higgs bosons
should exist, but rather why they shouldn’t exist. The argument in favor of the SM Higgs structure is
usually based on an Occam’s razor criterion: simplicity and minimality. But are simplicity and mini-
mality really conceptual ingredients of the SM? Wouldn’t logical simplicity prefer a gauge structure for
EW breaking (such as technicolor) rather than the introduction of scalar particles with new non-gauge
interactions? Are three generations of quarks and leptons the choice preferred by minimality? Indeed,
the existence of an enlarged Higgs sector is an almost inescapable consequence of theoretical construc-
tions that address the naturalness problem with new dynamics. As an extreme conclusion, one could say
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that an enlarged scalar sector is a good discriminator between theories with or without dynamical expla-
nations of the hierarchy at the weak scale. The discovery of new Higgs bosons would strike a mortal
blow to the logical arguments in favor of an anthropic explanation of the hierarchy. Also cosmological
relaxation mechanisms [269] would be disfavored by the uncovering of an extended Higgs sector.

All of this provides ample motivation to study extended scalar sectors as theoretical structures
in their own right. The possibilities include EW sterile scalars (e.g. in models motivated by EWSB
or Neutral Naturalness), or more complicated landscape of the scalar particles, like, for example, in
theories of partial compositeness. Probably one of most famous scenarios of the extended higgs sector
is a so-called two-higgs doublets model (2HDM). A particular version of the 2HDM is inevitably a part
of the supersymmetrized version of the SM, motivated by naturalness. However, 2HDM is an attractive
scenario of its own, not necessarily motivated by naturalness and any other BSM scenario.

For this reason, we pay special attention to the direct production reach of a 100 TeV collider for
new scalar states. Previous studies [286] indicate a multi-TeV reach for new Higgs doublets and TeV-
reach for new singlet scalar states in most scenarios. We discuss this in more detail, in Section 5.7. We
also provide a theoretical overview of the 2HDM and explain the parts of parameter space that are still
relevant in light of LHC results.

5.2.2 Unique Opportunities at 100 TeV
Here we summarize the most important Higgs-related measurements for which a 100 TeV collider is
uniquely suited, compared to the LHC or planned future lepton colliders.

5.2.2.1 Measurement of the Higgs self-coupling

The Higgs cubic coupling reveals direct information about the shape of the Higgs potential near our
vacuum, and can be determined from measurements of non-resonant di-Higgs production. Unfortunately,
such a measurement is extremely difficult. The HL-LHC can only determine this cubic coupling with
O(100%) precision (see [287–289] and [179, 203, 290, 291]), and proposed lepton colliders with sub-
TeV center-of-mass energies are expected to have similar or slightly better precisions (see [189, 292]).
A 1 TeV ILC program with 2 ab−1 of luminosity could yield one-sigma precision of 16% [187–189].

Fortunately, the 100 TeV collider is the ultimate machine for measuring the self-interaction of the
Higgs boson. The study in Section 4 found that 3− 4% statistical precision is achievable with 30ab−1 of
luminosity, see Table 26. Inclusion of systematic errors could lead to a precision of about 5 − 6% with
the same luminosity, see Table 30 and the discussions in [179, 203, 204].

Higgs self-coupling measurements with . 5% precision are required to exclude a strong elec-
troweak phase transition in Z2 symmetric singlet scalar extensions of the SM, and provide an important
probe of mixed singlet scenarios that is orthogonal to precision Higgs coupling measurements (to other
SM particles) at lepton colliders. Such precision is also required to exclude certain neutral top part-
ner scenarios, which can provide additional probes of neutral naturalness [293], and may also provide
sensitivity for low-scale neutrino see-saws.

Regardless of any BSM motivation, measuring the shape of the Higgs potential around our vacuum
is a worthy goal of precision Higgs physics in itself, and one which can only be carried out with any real
precision at a 100 TeV machine.

5.2.2.2 Direct production of new electroweak states

A 100 TeV collider would be sensitive to EW-charged BSM states with masses of 5 − 10 TeV. This
chapter contains or summarizes several studies of direct Higgs production in scenarios with extended
scalar sectors that demonstrate this point, but even for squeezed fermion spectra like EWinos in split
SUSY, a 100 TeV collider can have sensitivity to multi-TeV masses [294–296].
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This has crucial implications for many fundamental questions in particle physics. Many models of
new physics contain additional Higgs doublets or triplets, including supersymmetry, or possible mecha-
nisms for generating the neutrino mass or inducing a strong EWPT. A reach for multi-TeV EW states also
has relevance for naturalness: it could allow EWinos in split-SUSY to be detected [295], and it would
allow direct production of states that are part of the UV completion for theories of neutral naturalness.
Most such UV completions also contain heavy colored states around 5-10 TeV, which are an obvious
target for a 100 TeV collider, but even in models where such colored states might be avoided, it seems
difficult to avoid new EW states. Therefore, the capability of probing heavy EW states allows the 100
TeV machine to probe theories of naturalness, possibly exhaustively [293].

5.2.2.3 Direct production of new singlet states

A 100 TeV collider allows us to probe the most challenging aspect of the TeV-scale: SM singlets. Singlets
with sub-TeV masses occur in many BSM extensions, motivated by Neutral Naturalness, a strong EWPT,
the NMSSM, etc. These states are notoriously hard to probe at the LHC, and too heavy to produce at most
proposed lepton colliders. Searches for di-higgs or di-Z final states at 100 TeV are sensitive to singlet
scalar masses up to about a TeV, and in some cases significantly above a TeV, depending on the model.
A pp center-of-mass energy of 100 TeV with 30ab−1 is needed to exhaustively probe a sub-TeV singlet
that induces a strong phase transition, both with and without Higgs mixing. For heavier mixed singlets,
the FCC-hh could extend the discovery reach up to several TeV and down to Higgs-singlet mixing angles
below 0.001.

5.2.2.4 Ultra-rare exotic Higgs decays

A 100 TeV collider with O(10ab−1) of luminosity produces ∼ 1010 SM-like Higgs bosons. Even when
accounting for triggering requirements (which may well be absent at such a machine) this enormous rate
allows for the detection of exotic Higgs decays with tiny branching fractions smaller than 10−8, as long
as the final states are conspicuous enough to stand out from the SM background. Exotic Higgs decays
are motivated for a myriad of reasons in many BSM scenarios (see e.g. [297]). For example, the Higgs
portal is the lowest-dimensional interaction one can add between the SM sector and a hidden sector.
This makes exotic Higgs decays a prime discovery channel of new physics, as long as the new states are
relatively light. This was demonstrated for dark photons in [298] and for displaced decays in the context
of Neutral Naturalness by [299], but applies to any theory which produces ultra-rare exotic Higgs decays
with conspicuous final states.

5.2.2.5 High-Precision High-Energy Measurements

A somewhat under-appreciated capability of the 100 TeV collider is the potential for high-energy high-
precision measurements. A good example was studied by [300], which showed that dilepton measure-
ments of Drell-Yan production at 100 TeV can be sensitive to new states with EW charges around a TeV.
This is especially important since such a measurement is almost completely model-independent, depend-
ing only on the masses and gauge charges of new particles, and being completely independent of decay
modes etc, which could in some scenarios serve to hide the signatures of new states. This measurement
is complementary to another high-precision measurement that is possible at the 100 TeV collider: the
determination of the hγγ coupling with percent-level precision, see Section 3.2.1.

An important application of this model-independent measurement is to theories of Neutral Natu-
ralness, which includes scenarios with electroweak-charged top partners that are neutral under SM color.
The results of [300] were used in [293] to argue that such EW-charged top partners would be detectable
at a 100 TeV collider with masses of at least 2 TeV or more, depending on multiplicity. This exhausts
the natural range of top partner masses in an untuned theory, and essentially guarantees discovery if the
hierarchy problem is solved by such states.
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Another application are theories of a strong EWPT, which can be induced by new light bosons
with masses around a few hundred GeV. If these new degrees of freedom carry SM gauge charges,
detecting their effect in the DY spectrum would be an orthogonal, model-independent way to guarantee
their discovery.

5.2.2.6 Searches for invisible states

There is ample motivation to search for new invisible (stable) states at colliders, the most obvious one
being Dark Matter. Such searches are notoriously difficult at the LHC, but the 100 TeV collider will be
sensitive to scalar mediators as well as dark matter masses of more than a TeV using for mono-X + MET
or dijet+MET searches.

Another important motivation is the Z2 symmetric singlet extension of the SM, which can induce a
strong EWPT. A VBF jets + MET search, exploiting pair production of the singlets, is vital in excluding
the entire EWBG-viable parameter space of this model, and requires 30ab−1 of luminosity at a 100 TeV
collider.

5.2.3 Probing the Intensity Frontier at 100 TeV
The study of new physics opportunities in general, and BSM Higgs physics in particular, leads us to
an important complementary perspective on the role of a 100 TeV collider. Of course, one of the most
important reasons for increasing the center-of-mass energy is to increase the reach for direct production
of heavy new states. However, an equally important reason is the huge increase in the production rate
of light states like the 125 GeV Higgs. In producing ∼ 1010 Higgs bosons the 100 TeV collider has
no equal in measuring certain Higgs-related processes, such as rare decays and the self-coupling. Simi-
larly, relatively light states near a TeV (compared to

√
s) with sufficiently weak interactions can only be

discovered at a 100 TeV collider. This includes some singlet scalar states, or an electroweak multiplet
whose neutral component contributes substantially to the dark matter relic density.

In that sense, the 100 TeV collider acts as an intensity frontier experiment for uncolored physics
near the TeV-scale. This has several important implications for detector design. It is vital to maintain
sensitivity for relatively soft final states, which may arise from the decay of e.g. the SM-like Higgs. The
ability to reconstruct soft b-jets with pT ∼ O(20GeV) and long-lived particle decays that decay (ideally)
only O(50µm) from the interaction point are important for realizing the full discovery potential of such
a machine. Triggers might also be a concern: at such high center-of-mass energies, trigger strategies
analogous to current LHC operation would miss many important low-mass processes. This provides
powerful motivation to realize trigger-less operation (or at least, full event reconstruction at low trigger
level so that interesting soft physics can be directly selected for).

5.3 Electroweak Phase Transition and Baryogenesis
As indicated in the Overview, determining the thermal history of EWSB is both interesting in its own
right and relevant to the possibility of electroweak baryogenesis (EWBG). The latter requires a strong
first order EWPT. From this standpoint, the object of interest is the finite-temperature effective action Seff

whose space-time independent component is the effective potential Veff(T, ϕ). Here, ϕ denotes the vevs
of the scalar fields in the theory and T is the temperature. A first order EWPT can arise when Veff(T, ϕ)
contains a barrier between the electroweak symmetric minimum (vanishing vevs for all fields that carry
SM gauge charges) and the EWSB minimum. In principle, such a situation could have pertained to the
SM universe, as thermal gauge boson loops induce a barrier between the broken and symmetric phases.
In practice, the effect is too feeble to lead to a first order EWPT. More specifically, the character of the
SM EWSB transition depends critically on the Higgs quartic self-coupling, λ ∝ m2

h/v
2. The maximum

value for this coupling that is compatible with a first order phase transition corresponds to an upper
bound on mh between 70 and 80 GeV [301–303], clearly well below the experimental value. For a 125
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GeV Higgs, lattice studies indicate that the EWSB transition in the SM is of a cross-over type with no
potential for baryon number generation.

Nevertheless, well-motivated BSM scenarios can lead to a first order phase transition that may
provide the necessary conditions for EWBG. The barrier between the two phases can arise from a number
of effects, either singly or in combination:

1. finite-temperature loops involving BSM degrees of freedom;
2. large zero-temperature loop effects from new BSM states with sizable Higgs couplings;
3. new tree-level interactions;
4. additional contributions to mh that allow λ to be smaller than its SM value.

In addition, the presence of such effects may lead to a richer thermal history than in a purely SM uni-
verse. One of the most compelling opportunities for the FCC-hh is to explore as fully as possible the
set of possibilities for the finite-temperature EWSB dynamics. In what follows, we briefly review the
present theoretical situation, followed by a discussion of representative scenarios that may be particularly
interesting for a 100 TeV proton-proton collider. More detailed discussions may be found in two white
papers [255, 256].

5.3.1 Theoretical Studies
Here we classify BSM scenarios according to the dynamics by which they generate a strong, first order
EWPT.

First order transitions induced by BSM thermal loops. The MSSM represents the most widely-considered
BSM scenario that, in principle, could give rise to a loop-induced, strong first order EWPT (SFOEWPT).
The effect relies on contributions to Veff(T, ϕ) from stops, whose coupling to the Higgs field isO(1) and
whose contribution is NC-enhanced. Generation of a SFOEWPT requires that at least one of the stop
mass eigenstates be relatively light, with mass mt̃ ∼ O(100 GeV) in our vacuum [304]. Such a light
stop requires a tachyonic soft mass-squared parameter, and allowing for the possibility of a stable color-
and charge-breaking vacuum associated with a non-vanishing stop vev. Recent theoretical work indicates
that for the “light stop scenario" the universe may undergo a SFOEWPT transition to the color-symmetric
Higgs phase and that the latter is metastable with respect to a deeper color-breaking phase. However,
the lifetime of the Higgs phase is longer than the age of the universe, so once the universe lands there at
high-T , it stays there [305].

Unfortunately, LHC Higgs data now preclude this interesting possibility within the MSSM [260,
261], even if one augments the scalar potential by “hard" SUSY-breaking operators beyond the
MSSM [262]. On the other hand, in a more general framework, loop-induced SFOEWPT remains a
viable possibility. The reason is that supersymmetry rigidly relates the stop-Higgs coupling to the SM
top Yukawa; without this assumption, new scalar fields may have stronger couplings to the Higgs, and
hence have a stronger effect on the EWPT dynamics through loops. If the new scalar field responsible
for the SFOEWPT is colored, the deviations in the Higgs coupling to gluons induced by its loops will
be sufficiently large to be discovered in the upcoming runs of the LHC and HL-LHC, unless some can-
cellation mechanism is operational [306]. However, the scalar responsible for the SFOEWPT may also
be charged only under electroweak interactions, or in fact be a complete SM-gauge singlet. (In the latter
case, both tree-level and loop-level modifications of the potential may be important; see below.) In these
scenarios, the LHC Higgs program alone will not be sufficient to conclusively probe the parameter space
where the SFOEWPT occurs, leaving this important task for future colliders. Among the most important
measurements that will constrain such scenarios are the precision measurements of the hγγ and hZZ
couplings at the HL-LHC and electron-positron Higgs factories, and the measurement of the Higgs cubic
coupling at the 100 TeV proton-proton collider [306, 307].

112

CHAPTER 2: HIGGS AND EW SYMMETRY BREAKING STUDIES

366



Zero-temperature loop effects. It is possible for thermal loops from W and Z bosons to generate a
SFOEWPT even for a 125 GeV Higgs mass, so long as the shape of the potential differs from the SM
case. This can be realized if there are relatively large (but still perturbative) couplings between the
Higgs and some new degrees of freedom. Non-analytical zero-temperature loop corrections can then
lift the EWSB minimum, effectively reducing the depth of the potential well and allowing SM thermal
contributions to generate the potential energy barrier required for a strong first order transition. Note
that unlike in the above scenario of BSM thermal loops, the new degrees of freedom generating these
zero-temperature loop corrections do not have to be so light as to be in thermal contact with the plasma
during the phase transition. This has been studied in many contexts, most recently in [308] with a focus
on 100 TeV signatures, most importantly O(10%) deviations in the Higgs cubic coupling.

Tree-level barriers. A promising avenue appears to entail BSM scenarios that contain gauge singlet
scalars or scalars carrying only electroweak gauge charges. The former class has received the most
attention in recent years, both in the context of the NMSSM and in non-supersymmetric singlet exten-
sions. For these scenarios the phase transition dynamics may rely on a tree-level barrier between the
electroweak symmetric and broken phases. (Tree-level effects can also generate a strong phase transition
in the 2HDM, though this mechanism has not yet been fully explored.23) Thermal loops, of course, also
contribute to Veff(T, ϕ), and they are essential for symmetry restoration at high T . It is important to note
that both the electroweak symmetric and broken phases may involve non-vanishing vevs for the singlet
fields. The transition to the EWSB phase may, thus, proceed first through a “singlet phase" [308–310], a
possibility that can lead to a stronger first order EWPT than if the transition to a joint Higgs-singlet phase
occurs in a single step [309]. The possibilities of a SFOEWPT associated with a tree-level barrier in sin-
glet extensions have been studied extensively in both supersymmetric and non-supersymmetric contexts.
As we discuss below, work completed to date indicates that there exist interesting opportunities to probe
this class of scenarios with a 100 TeV pp collider.

Combinations. Within the context of the singlet extension, one may also encounter a SFOEWPT even
in the absence of a tree-level barrier. The presence of a quartic singlet-Higgs operator may reduce the
effective quartic coupling at high-T . In conduction with the gauge loop-induced barrier, a SFOEWPT
may arise [309]. A possibility of more recent interest is multi-step EWSB that involves a combination
of thermal loop- and tree-level dynamics [311–313]. Multi-step transitions may arise in BSM scenarios
involving new electroweak scalar multiplets, generically denoted here as φ. For non-doublet represen-
tations, a SFOEWPT to a phase of non-vanishing 〈φ〉 may occur as a result of a loop-induced barrier,
followed by a first order transition to the Higgs phase associated with a tree-level barrier generated by a
φ†φH†H interaction. The baryon asymmetry may be produced during the first step, assuming the pres-
ence of appropriate sources of CP-violation [313], and transferred to the Higgs phase during the second
step provided that electroweak sphalerons are not re-excited and that the entropy injection associated
with the second transition is sufficiently modest. Measurements of Higgs diphoton decay signal strength
provide an important probe of this possibility if the new scalar masses are relatively light. For heavier
new scalars, direct production may provide an interesting avenue for a 100 TeV collider.

5.3.2 Representative Scenarios
Here, we concentrate in more detail on those scenarios for which dedicated studies have been performed
for a 100 TeV pp collider. In doing so, we emphasize that exploration of the EWPT with a 100 TeV
collider is a relatively new area of investigation and that there exists considerable room for additional
theoretical work. Thus, our choice of representative scenarios is not intended to be exhaustive but rather
is dictated by the presence of existing, quantitative studies. For purely organizational purposes, we
group these scenarios according to the transformation properties of the BSM scalars under SM gauge
symmetries.

23Private Communication with Jose Miguel No.
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Scalar singlet extensions. The simplest extension of the SM scalar sector entails the addition of a single,
real gauge singlet S. In the NMSSM, of course, the new singlet must be complex, but many of the generic
EWPT features of well-motivated singlet extensions can be studied using the real singlet extension, the
“xSM". The most general, renormalizable potential has the form24

V (H,S) = −µ2
(
H†H

)
+ λ

(
H†H

)2
+
a1

2

(
H†H

)
S (56)

+
a2

2

(
H†H

)
S2 +

b2
2
S2 +

b3
3
S3 +

b4
4
S4 .

The presence of the cubic operators implies that S will have a non-vanishing vev at T = 0. Diagonalizing
the resulting mass-squared matrix for the two neutral scalars leads to the mass eigenstates

(
h1

h2

)
=

(
cos θ sin θ
− sin θ cos θ

)(
h
s

)
(57)

The mixing angle θ and h1,2 masses m1,2 are functions of the parameters in Eq. (56) and of the doublet
and singlet vevs, once the minimization conditions are imposed.

For positive b2, the cubic operator H†HS will induce a barrier between the origin and the EWSB
minimum wherein both 〈H0〉 and 〈S〉 are non-vanishing25. For an appropriate range of the potential
parameters the transition to the EWSB can be strongly first order. For b2 < 0, a minimum along the
S-direction will occur with singlet vev 〈S〉 = x0. It is possible that the Higgs portal operator H†HS2

can generate a barrier between the (〈H0〉,〈S〉 = (0, x0) minimum and an EWSB minimum wherein
〈H0〉 6= 0, even in the absence of cubic terms in Eq. (56) . The thermal history in the latter case involves
a two-step transition to the EWSB vacuum, with a first step to the (0, x0), followed by a second transition
to the EWSB vacuum [308, 309]. Under suitable conditions, the latter transition may also be strongly
first order. Studies carried out to date indicate [308,309,314] that a SFOEWPT can arises when the mass
m2 of the singlet-like scalar is less than one TeV for perturbative values of the couplings in in Eq. (56).
The phenomenological probes for this scenario are discussed in Section 5.3.3 below.

For much larger masses, it is appropriate to integrate the singlet out of the theory, leading to
additional terms in the effective Higgs Lagrangian of the form [315]

Leff ⊃
a2

1

m4
S

OH −
(
a2

1a2

m4
S

− 2a3
2b3
m6
S

)
O6 (58)
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†H
)2

(59)

O6 = (H†H)3 . (60)

A SFOEWPT can arise if
2v4

m2
H

<
m2
S

a2
1a2

<
6v4

m2
H

. (61)

Precision Higgs studies, such as a measurement of σ(e+e− → Zh) or the Higgs cubic coupling, could
probe this regime.

An instructive special case of the xSM is obtained by imposing a Z2 symmetry on the potential
in Eq. (56). The number of free parameters in this scenario, which was studied in detail by the authors
of ref. [308], is reduced to just three (singlet mass, quartic coupling and Higgs portal coupling), making

24We eliminate a term linear in S by a linear shift in the field by a constant.
25In the region where S > 0 one must have a1 < 0 for this to occur.
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Fig. 74: Summary of the Z2-symmetric singlet’s parameter space for a strong EWPT, from [308]. mS is the
physical singlet mass at the EWSB vacuum, while λHS = a2/2, µ2

S = b2 and λS = b4 in the notation of Eq. (56).
All 100 TeV sensitivity projections assume 30ab−1 of luminosity. Gray shaded regions require non-perturbative
λS > 8 and are not under theoretical control. Red shaded region with red boundary: a strong two-step PT from
tree-effects is possible for some choice of λS . Orange shaded region with orange boundary: a strong one-step
PT from zero-temperature loop-effects is possible. Gray-Blue shading in top-right corner indicates the one-loop
analysis becomes unreliable for λHS & 5(6) in the one-step (two-step) region. In the blue shaded region, higgs
triple coupling is modified by more than 10% compared to the SM, which could be excluded at the 2σ [204] or
better, see Table 26. In the green shaded region, a simple collider analysis yields S/

√
B ≥ 2 for VBF production

of h∗ → SS. (Confirmed in later collider study by [316].) In the purple shaded region, δσZh is shifted by more
than 0.6%, which can be excluded by TLEP. Note that both EWBG preferred regions are excludable by XENON1T
if S is a thermal relic.

it amenable to full exploration via analytical methods. It also serves as a useful “experimental worst-
case” benchmark scenario of a SFOEWPT, since the the Z2 symmetry turns off most of the signatures of
generic singlet extensions by precluding doublet-singlet mixing.

In the Z2-symmetric xSM, a SFOEWPT can occur in two ways. For b2 < 0, a two-step transition
via the vacuum with a singlet vev can be made very strong for some range of self-couplings b4. For
b2 > 0 and large Higgs-portal couplings, zero-temperature loop effects lift the EWSB vacuum, allowing
SM thermal loops to generate the necessary potential barrier. This is illustrated as the red and orange
shaded/outlined regions in Fig. 74.

This scenario is almost completely invisible at the LHC, and only part of the relevant parameter
space can be probed at lepton colliders. However, as we will review in Section 5.3.3 below, a 100 TeV
collider can probe the entire EWBG-viable parameter space in this scenario, via either direct singlet pair
production or measurements of the Higgs cubic coupling. This demonstrates the tremendous discovery
potential for EWBG contributed by such a machine.

Electroweak scalar multiplets. Extensions of the SM scalar sector containing new color neutral, elec-
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troweak multiplets arise in a variety of contexts, including type-II see-saw models, GUTs, and simple
dark matter scenarios. The most widely-considered possibility is likely the two-Higgs doublet model
(2HDM). In the general case where the origins of the 2HDM operators are not constrained by SUSY,
it has been shown that a SFOEWPT can arise through a suitable choice of potential parameters. The
precise dynamics responsible are not yet fully understood, but one likely candidate are tree-level effects
that generate a barrier26. However, it has been found [317,318] that a phenomenological consequence is
the existence of the exotic decay channel for the CP-odd neutral scalar: A0 → ZH0. It appears likely
that this scenario will be well-probed through LHC A0 searches using this decay mode. Consequently,
we will not consider it further here.

For non-doublet electroweak multiplets, denoted here φ, the ρ-parameter constrains the T = 0
neutral vev to be rather small. As a result, the tree-level barriers associated with cubic operators are not
pronounced. On the other hand, it is possible the EWSB occurs twice: first along the φ0 direction with
vanishing H0, and subsequently to the non-zero Higgs vacuum with small or vanishing φ0 vev. The
first transition may be strongly first order, leading to the conditions needed for EWBG. The resulting
baryon asymmetry will be transferred to the Higgs phase during the second step if the entropy injection
is not too large. Studies of the phase transition dynamics and phenomenological tests have been reported
in Ref. [311] for a concrete illustration with a real triplet, and general considerations outlined in the
subsequent work of Ref. [312] The corresponding CP-violating dynamics needed for baryon asymmetry
generation have been discussed in general terms in Ref. [313] along with a concrete illustration of its
viability. To date, no work has been completed on the probes using a 100 TeV pp collider. However, the
new electroweak states must generally be pair produced. The corresponding phase space considerations,
along with the electroweak scale cross sections, make this class of scenarios an interesting opportunity
for a next generation hadronic collider.

While the signal associated with direct production is highly model dependent, the deviations of
the Higgs boson couplings from the SM values more generic in the presence of the EW scalar. One of
the most important observables in this case is hγγ coupling, which is necessarily affected due to the new
light EW charged states running in the loop. In the next subsection we will estimate the deviations and
comment on the prospects of the 100 TeV machine.

5.3.3 Prospective signatures
While there exist a number of studies analyzing the prospects for LHC probes of the EWPT (for a review
and references, see, e.g. Ref. [259]), relatively few have focused on the prospects for a next generation
high energy pp collider. Here, we review work completed to date, following the same organization as in
Section 5.3.2.

Gauge Singlets. We start by considering the Z2-symmetric xSM, which was studied in detail by the
authors of Ref. [308]. Remarkably, despite the fact that this model represents an experimental worst-
case scenario for EWBG, all parameter regions with a SFOEWPT can be probed at a 100 TeV collider.

Unlike the general xSM, this scenario has only a handful of signatures. The singlet can only be
pair-produced via the H†HS2 operator through the processes pp → h∗ → SS and pp → h∗ → SSjj,
where the former corresponds to gluon fusion production of the off-shell Higgs and the latter to VBF
production. A search for VBF-tagged dijets + MET can be sensitive to SS production, though mono-jet
analyses are also worth exploring in more detail. Singlet loops will modify the Higgs cubic coupling
and Zh coupling at the ∼ 10% and ∼ 0.5% level respectively. The former are best measured at the
100 TeV collider, see [204] and Table 26, while the latter can be detected at lepton colliders like FCC-
ee [178, 319–321]. As Fig. 74 shows, direct singlet pair production (green region) is sensitive to the
two-step phase transition, while measurements of the Higgs cubic coupling (blue region) are sensitive to
the one-step region. This allows the 100 TeV collider to achieve full coverage of the parameter space

26Private Communication with Jose Miguel No.
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viable for EWBG.

The authors of Ref. [308] observe that since S is stable, it constitutes a dark matter candidate,
a possibility that has been considered widely by other studies, most recently [322]. The XENON 1T
direct detection search could probe the entire SFOEWPT-viable region, well in advance of the initiation
of the FCC-hh program. Non-observation of a direct detection signal, however, would not preclude
this scenario. In principle, introduction of small Z2-breaking terms would render the singlet-like state
unstable, thereby evading DM direct detection searches. For a sufficiently long decay length, SS would
nevertheless appear as MET, leaving the VBF channel as the only viable probe under these conditions.
Furthermore, even if a dark matter signal is detected, collider studies will be necessary to determine the
nature of the new particles, and their possible connection to the EWPT.

The general xSM has many more signatures, since the presence of Z2 breaking operators in the
potential can lead to non-negligible doublet-singlet mixing. In this case, one may directly produce the
singlet-like state h2, with reduction in production cross section by sin2 θ compared to the SM Higgs
production cross section. For a given m2, it will decay the same final states as would a pure SM Higgs
of that mass. However, for m2 > 2m1, the decay h2 → h1h1 becomes kinematically allowed, leading
to the possibility of resonant di-Higgs production. Studies of this possibility have been carried out for
the LHC [323–326], and there exist promising possibilities for both discovery and exclusion if h2 is
relatively light. The resonant di-Higgs cross section can be significantly larger than the non-resonant SM
di-Higgs cross section, so observation of this process could occur as early as Run II of the LHC.

Nonetheless, we are again led to the conclusion that a full probe of the SFOEWPT-viable xSM
via resonant di-Higgs production will likely require a 100 TeV pp collider. Recently, the authors of
Ref. [327] have investigated the discovery reach for the LHC and future pp colliders for the SFOEWPT-
viable parameter space of the xSM. After scanning over the parameters in the potential (56) and identi-
fying choices that lead to a SFOEWPT, the authors selected points yielding the maximum and minimum
σ(pp → h2) × BR(h2 → h1h1). Results were grouped by mh2 in bins 50 GeV-wide, and a set of
22 benchmark parameter sets chosen (11 each for the minimum and maximum resonant di-Higgs sig-
nal strength). Two sets of final states were considered: bb̄γγ and 4τ . After taking into account SM
backgrounds and combining the prospective reach for the two channels, the significance Nσ for each
benchmark point was computed using a boosted decision tree analysis. Results are shown in Fig. 75.
The left panel compares the reach of the high-luminosity phase of the LHC with that of a 100 TeV pp
collider with 3 and 30 ab−1, respectively. It is apparent that under this “best case" study, wherein no
pile up or detector effects have been included, the discovery reach of a 100 TeV pp collider could cover
nearly all of the SFOEWPT-viable parameter space with 30 ab−1. For the LHC, the reach with these
two channels is more limited. We note that inclusion of pile up an detector effects will likely degrade the
discovery potential. However, for this best case analysis, the significance lies well above 5σ for nearly
all of the SFOEWPT-viable parameter space. Thus, we expect this discovery potential to persist even
with a more realistic analysis.

In this context, it is also interesting to ask whether 100 TeV is the optimal energy for this probe.
To address this question, the authors of Ref. [327] performed a similar study for

√
s = 50 and 200 TeV

as well. The results are given in the right panel of Fig. 75. Unsurprisingly, the reach of a 200 TeV
collider would exceed that of a 100 TeV machine, with the advantage being particularly pronounced for
the higher mass region. On the other hand, for lower

√
s, one would begin to lose discovery potential

in the high mass region and face less room for degradation of the significance once pile up and detector
performance are considered.

Measurements of the Higgs trilinear self-coupling provide an alternate probe of the EWPT [307].
In the absence of a Z2 symmetry, this coupling will be modified by a combination of the parameters in
the potential and the non-zero mixing angle. The opportunities for probing this effect at the LHC and
various prospective future colliders are illustrated in Fig. 76, where the the critical temperature for the
EWPT is plotted vs. the trilinear self coupling g111. The SM value corresponds to the solid vertical black
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Fig. 75: Physics reach for a SFOEWPT in the xSM with the LHC and a higher energy pp collider, con-
sidering resonant di-Higgs production in the bb̄γγ and 4τ channels [327]. For each panel, vertical axis gives
the significance Nσ for each of the 22 SFOEWPT-viable benchmark points (see text), combining the signifi-
cance of the two channels. For a given colored band, the upper (lower) edges give the maximum (minimum)
σ(pp → h2) × BR(h2 → h1h1). Left panel: comparison of the reach for the high luminosity phase of the LHC
with a 100 TeV pp collider at two different integrated luminosities. Right panel: comparison of the reach with 30
ab−1 at three different center of mass energies.

line. The colored vertical bands indicate the prospective sensitivities of the LHC and future colliders.
The black dots indicate results of a scan over the parameters in Eq. (56) that lead to a SFOEWPT, taking
into account present LHC, electroweak precision, and LEP Higgs search constraints. It is clear that
significant modifications of the self-coupling can occur. Moreover, even in the absence of an observed
deviation at the LHC or future e+e− colliders, there exists significant opportunities for discovery with a
next generation pp collider.
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Fig. 76: Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the singlet-
extended SM with a strong first-order electroweak phase transition, adapted from Ref. [314]. Colors indicate
prospective sensitivities of the HL-LHC (purple), CEPC/FCC-ee (red), ILC (green), and SPPC/FCC-hh (yellow).
The latter was assumed to be 8%, but the precision may be as good as 3%, see Table 26.

Non-trivial representations of the SM. In this case, where the strong EWPT is induced by thermal loops
of the new degrees of freedom, we expect strong deviations of the higgs couplings to gg, γγ and γZ
are expected. These couplings are the most important, because at the SM these couplings show up at
one-loop at the LO, and therefore any new light state might potentially lead to strong deviations from the
SM. We will focus here on the first two coyplings, namely gg and γγ. While the latter can be relatively
precisely probed at hadron colliders via appropriate decay mode of the higgs, the former affects the
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dominant higgs production mode.

The expected deviations of the coupling to the gg is the case of the colored scalars is appreciable.
We illustrate this on an example of the SU(3)c triplet with the EW quantum numbers 1−4/3 on Fig. 77.
In this example we overlay the contours of the deviations from the SM higgs couplings on the strength
of the EWPT, which we parametrize as

ξ ≡ vc
Tc

(62)

where vc stands for the higgs VEV at the temperature of the PT, and Tc is the temperature of the PT.27

The value of ξ is calculated in the one-loop approximation. In principle one demands ξ & 1 for the strong
1st order PT, however, given the order one uncertainties one usually gets in thermal loops calculation,
even nominally smaller values of ξ in this approximation might be viable. As we clearly see from here
most of the valid parameter space for the triplet has either been already probed at the LHC, are will be
probed in LHC13 or VLHC.
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Fig. 77: Orange contours: deviations (in percent from SM) of the hgg and hγγ couplings from the SM values in
the presence of the diquark with the quantum numbers 1−4/3. In the shaded region there is no one-step transition
to the EW vacuum. The black solid lines stand for the strength of the EW phase transition ξ. The plots are from
Ref. [306].

The situation is different one we consider EW-charged colorless states. Here the main deviations
are in γγ and γZ channels. We will show the deviations in the first channel, to the best of our knowledge
the deviations in γZ have not yet been explored in the context. On the other hand, deviations of hγγ
couplings can be as small as 5% in the relevant part of parameter space. While the HL-LHC is may be
sensitivity to diphoton decay branching ratio at the few percent level, the FCC-pp will be able to make
important gains in addressing this option, see Section 3.2.1. We illustrate this point on Fig. 78. Although
it is not clear whether the HL-LHC will be able to achieve the absolute sensitivity required to completely
probe this possibility (better than 5%), substantial gains can be made by measuring the ratios of the
various cross sections, for example the BRs of γγ relative to ZZ∗ [329, 330].

27The quantity ξ is not, in general, gauge invariant [328]. A more rigorous, gauge invariant characterization of the strength
of the EWPT requires computation of the sphaleron energy and a careful treatment of Tc. These computations are also subject
to additional theoretical uncertainties. For a detailed, discussion, see [328]. In what follows, we will treat it as a rough “rule of
thumb", deferring a gauge invariant analysis to future studies.
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Fig. 78: Expected deviation of hγγ couplings in case of EW-charged scalars with quantum numbers 1, 2,−1/2

(left panel) and 1, 1, 1 (right panel) from Ref. [306]. Same labeling as Fig. 77.

5.3.4 EWPT: The discovery landscape
Given the relatively small set of studies dedicated to probes of the EWPT at a 100 TeV collider, it
would be premature to draw far-reaching conclusions about the range of opportunities for the FCC-hh.
Indeed, the importance of engaging the community in performing these investigations was one of the
key conclusions to the recent ACFI workshop that focused on this physics [256]. Nonetheless, the work
performed to date points to what is likely a rich opportunity. As indicated in Fig. 75, for the simplest BSM
scenario yielding a SFOEWPT, the LHC will begin to “scratch the surface", whereas the FCC-hh would
provide an essentially exhaustive probe, which is also illustrated by Fig. 74. Moreover,

√
s = 100 TeV

appears to be close to the minimum needed for discovery.

Of course, it is possible that if this scenario is realized in nature, the parameters will put it in
an LHC-accessible region. In this case, the FCC-hh could provide confirmation relatively early in its
operation, and could then be used to explore additional signatures, such as small deviations of the Higgs
trilinear coupling from its SM value (see Fig. 76). Importantly, these observables provide an orthogonal
probe of EWBG compared to, for example, measurements of Higgs mixing at lepton colliders through
Higgs coupling measurements, since the Higgs self coupling and mixing angle are not correlated in
xSM scenarios with a SFOEWPT [314]. While the 100 TeV collider may be able to probe EWBG
exhaustively, it seems especially unlikely that such new physics could escape detection at both the 100
TeV and a lepton collider. This complementarity provides a strong argument for the construction of both
machines.

5.4 Dark Matter
An extended Higgs sector offers new possibilities for dark matter candidates and new avenues for the
dark matter to communicate with the Standard Model states. In general, there is a wide variety of theo-
retical constructs exhibiting this feature, including models where the dark matter is a scalar, fermion, or
vector particle, and constructions where it is either an electroweak singlet or part of an SU(2) multiplet,
charged under the electroweak interaction. Similarly, there are a variety of possibilities for the SU(2)
representations of the extended Higgs sector. If the couplings are large enough, this class of theories
results in potentially visible phenomena resulting from dark matter annihilation, scattering with heavy
nuclei, and production at high energy colliders. Colliders offer a particular opportunity when the interac-
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tions between the dark matter and the standard model are suppressed at low momentum transfer, which
suppresses its annihilation and/or scattering with heavy nuclei, because the ambient dark matter in the
galaxy is highly non-relativistic, with v ∼ 10−4.

5.4.1 Landscape of Current Models
In the limit in which the mediator particles are heavy compared to all energies of interest, all theories
flow to a universal effective field theory (EFT) consisting of the Standard Model plus the dark matter,
and residual non-renormalizable terms in the form of contact interactions which connect them [331–
336]. The EFT limit has been widely studied using data from run I of the LHC. At the same time, it
is recognized that theories in which the mediators are light enough to play an active role in collider
phenomenology are of great interest, and simplified model descriptions including such particles have
been widely discussed [337–339].

We can discriminate between various classes of simplified models using scalar particles to com-
municate with a secluded sector:

5.4.1.1 Inert multiplet models

In inert models, the Standard Model is extended by a scalar multiplet in a certain electroweak represen-
tation:

L = LSM +
1

2
∂µφ∂

µφ− 1

2
m2
φφ

2 − cφ|H2||φ2| − λφ|φ2|2, (63)

where H is the SM-like Higgs doublet, and φ is the additional scalar field that may be a SM gauge
singlet or charged under SM electroweak symmetry. Note that this construction contains a Z2 symme-
try φ → −φ, such that (provided φ does not develop a vacuum expectation value, and thus mix with
the SM Higgs) its lightest component is stable. Cases in which φ is an even-dimensional SU(2) repre-
sentation are generically in tension with null searches for scattering with nuclei, but odd-dimensional
SU(2) representations remain relatively unconstrained [340, 341]. For recent studies for the case when
φ transforms non-trivially under SM electroweak symmetry, see, e.g. [342, 343]. Scenarios wherein φ
is a gauge singlet (real or complex) correspond to setting the Z2-breaking coefficients a1 = b3 = 0 in
Eq. (56) and identifying b2 → m2

φ, a2 → 2cφ, and b4 → 4λφ. This scenario has been studied exten-
sively in Refs. [279,280,308,310,322,344–349]. An extension to the 2HDM plus a real singlet has been
considered in Refs. [347, 350].

5.4.1.2 Higgs-multiplet mixing models

If the Z2 symmetry is broken, either explicitly by including a trilinear interaction such as φ|H|2, or
spontaneously by engineering a potential for φwhich results in it obtaining a vacuum expectation value, it
will mix with the SM Higgs. In general, this removes the possibility that φ itself will play the role of dark
matter, but it may nonetheless serve as the portal to the dark sector if it couples to the dark matter. For
example, if φ and the dark matter χ are both electroweak singlets, the only renormalizable interactions
of χ respecting a Z2 are with φ. Through mixing with the Higgs, φ picks up coupling to the Standard
Model, and thus serves as the bridge between the two sectors (as does the SM Higgs) [344, 351, 352].

An special case occurs when φ is a complex singlet [280,310,346]. In this scenario, if the potential
contains a global U(1) symmetry that is both spontaneously and softly broken, the massive Goldstone
mode can serve as a dark matter candidate while the remaining degree of freedom mixes with the SM
Higgs boson.

5.4.1.3 Vector mediators

While scalar mediators can be directly related to Higgs phenomenology, either by mixing additional
scalar degrees of freedom with the Standard Model Higgs field, or by involving the Higgs boson in
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the production of new scalar particles, spin-1 mediators connecting the visible and dark sector is an
interesting alternative. A vector mediator can arise from extended or additional gauge sectors to the
Standard Model gauge group. Often a second Higgs boson is needed for the vector mediator to acquire a
mass in a gauge invariant way. Such scenarios can for example arise from radiative symmetry breaking
in the dark sector [353, 354].

5.4.1.4 Fermionic Dark Matter

Fermionic dark matter can communicate with the Standard Model through the Higgs portal provided the
dark matter is charged under the electroweak group. Coupling to the SM Higgs requires a combination
of a n-dimensional representation with an n + 1-dimensional one, and an appropriate choice of hyper-
charge. Given current constraints, this is a region of particular interest in the MSSM, and can also be
represented by simplified models, including the “singlet-doublet" [355–357], “doublet-triplet" [358], and
“triplet-quadruplet" [359] implementations. The generic feature in such models is electroweak-charged
matter, which the relic abundance suggests typically has TeV scale masses. In the absence of additional
ingredients, this is a regime which is difficult or impossible to probe effectively at LHC energies, but is
typically within reach of a 100 TeV future collider.

5.4.2 Signatures
When the mediators are heavy compared to the typical parton energies, all theories flow to a universal
set of effective field theories, and lead to signatures in which the dark matter is produced directly (with
additional radiation to trigger) through contact interactions. Projections for the limits on such interactions
at 100 TeV were derived in [360].

For models discussed in Section 5.4.1.1, a neutral scalar of the multiplet φ could act as DM can-
didate. If then mφ < mH/2 the decay H → φφ contributes to the total Higgs width ΓH and can
be probed in searches for invisible Higgs decays [361]. If realised within the Higgs portal model of
Eq. 63, with only two free parameters, this scenario is very predictive. We show the branching ratio of
the Higgs boson into the stable particle φ in Fig. 79 (left). Current LHC limits [362–364] reach as low
as BR(H → inv) . 30%, while an extrapolation to 3000 fb−1 yields BR(H → inv) . 5% [365] if
systematic uncertainties scale with 1/

√
L.

It has been pointed out that off-shell Higgs measurements can set an indirect limit on the total
Higgs width [366], which could in turn result in a limit on Higgs decays into dark matter candidates,
however such an interpretation is highly model-dependent [367] and can only be invoked on a case-by-
case basis [368].

If mφ > mH/2 2-φ-production in association with one or two jets or a pair of heavy quarks can
be probed at future hadron colliders. The authors of [316, 369] find the VBF configuration to be most
promising to limit mφ and cφ of Eq. 63. For a combined limit on mφ and cφ in the mono-jet, tt̄h and
VBF channel see Fig. 79 (middle). Increasing the collision energy from

√
s = 14 TeV to

√
s = 100 TeV

and the integrated luminosity from 3 ab−1 to 30 ab−1 extends the testable parameter range significantly,
e.g. for mφ = 200 GeV from cφ = 2.7 to cφ ≤ 0.7 at 95% C.L. Requesting φ to contribute to a certain
fraction of the relic dark matter density results in the contours of Fig. 79 (right).

In the context of models of Sections 5.4.1.2 and 5.4.1.3 possible signatures at future colliders can
be far more diverse than modified Higgs branching ratios or final states with missing energy. Depending
on the particle content and their representations mixing between scalars and gauge bosons, e.g. via
kinetic mixing, can result in a rich phenomenology. Not only can φ be probed effectively in an indirect
way by global Higgs fits [371, 372] but also in direct searches without involvement of the Higgs boson.
In addition, for models wherein φ transformers nontrivially under SM electroweak symmetry, Drell-Yan
pair production that includes at least one electrically charged component of the multiplet may lead to the
appearance of a disappearing charged track, providing an additional probe of this class of scenarios [342].
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Fig. 79: The left figure shows the branching ratio of the decay H → φφ [370] for mφ ≤ mH/2. The figure in the
middle shows the expected improvement on the Higgs portal coupling cφ against mφ when increasing the collision
energy from

√
s = 14 TeV to

√
s = 100 TeV and the integrated luminosity from 3 ab−1 to 30 ab−1. The fraction

of the relic dark matter density ΩDM is shown in the right figure. More information on middle and right figures
can be found in [316].

In [266] predictions for searches for scalar and vector mediators at a possible 100 TeV have been
obtained, see Fig. 80. They show strong complementarity between the reach of hadron colliders, indirect
and direct detection experiments. Further, it has been shown that the mediator mass and CP property can
be inferred from jet distributions in VBF topologies [267].

Striking signatures, with little Standard Model background, are displaced vertices or even dis-
placed jets. They can arise if the mediator has a sufficiently long lifetime and decays back into electri-
cally charged Standard Model particles [297, 375] or mesons of a dark sector which in turn decay into
Standard Model mesons, e.g. if the Standard Model gauge group is extended by a dark SU(Nd) [376].
In the latter case, if the mediator is pair-produced, resulting in more than one so-called "emerging jets",
the QCD background can be rejected completely. All scenarios with rare but rather clean Higgs decays
benefit greatly from the enhanced Higgs production rate and increased integrated luminosity of a 100
TeV collider.

5.5 The Origins of Neutrino Mass and Left-right symmetric model
The neutrino oscillation data have unambiguously established that neutrinos have tiny but non-zero
masses, as well as mixing between different flavors. Understanding these necessarily requires physics be-
yond the Standard Model (SM). Since the origin of masses for all the SM charged fermions has now been
clarified by the discovery of the Higgs boson [1,2], an important question is what physics is behind neu-
trino masses. If we simply add three right-handed (RH) neutrinos NR to the SM, one can write Yukawa
couplings of the form Lν,Y = hνL̄HNR, where H is the SM Higgs doublet and L the lepton doublet.
After electroweak symmetry breaking by the vacuum expectation value (VEV) of the neutral component
of the SM Higgs, i.e. 〈H0〉 = vew, this gives a Dirac mass to neutrinos of magnitude mD = hνvew. To
get sub-eV neutrino masses, however, we need hν . 10−12, which is an “unnaturally" small number, as
compared to the Yukawa couplings involving other SM fermions. So the strong suspicion is that there
is some new physics beyond just the addition of RH neutrinos, as well as new Higgs bosons associated
with this, which is responsible for neutrino mass generation.

A simple paradigm is the (type-I) seesaw mechanism [377–380] where the RH neutrinos alluded
to above have Majorana masses, in addition to having Yukawa couplings like all charged fermions.
Neutrinos being electrically neutral allows for this possibility, making them different from the charged
fermions and suggesting that this might be at the root of such diverse mass and mixing patterns for
leptons compared to quarks. The crux of this physics is the seesaw matrix with the generic form in the

123

CHAPTER 2: HIGGS AND EW SYMMETRY BREAKING STUDIES

377



 (GeV)MEDm
0 5000 10000 15000 20000 25000 30000

  (
G

eV
)

D
M

m

0

2000

4000

6000

8000

10000 D
M

g

2−10

1−10

1

100 TeV

Vector

 Wall(g=1)ν

/2med < mΓFitted 

 (GeV)MEDm
0 5000 10000 15000 20000 25000 30000

  (
G

eV
)

D
M

m

0

2000

4000

6000

8000

10000 D
M

g

2−10

1−10

1

100 TeV

Axial

 Wall(g=1)ν

/2med < mΓFitted 

 (GeV)MEDm
0 1000 2000 3000 4000 5000

  (
G

eV
)

D
M

m

0

100

200

300

400

500

600

700

800

900 D
M

g

2−10

1−10

1

100 TeV

Scalar

 Wall(g=1)ν

 (GeV)MEDm
0 1000 2000 3000 4000 5000

  (
G

eV
)

D
M

m

0

200

400

600

800

1000

1200 D
M

g

2−10

1−10

1

100 TeV

Pseudoscalar

=1)µFermiLAT(

Fig. 80: 100 TeV limits for vector (upper left), axial-vector (upper right), scalar (lower left) and pseudoscalar
(upper right) mediators. The blue curves on the figures for the vector and axial-vector depict the regions inside
which the width of the mediator is smaller than its mass, i.e. ΓMED < mMED. The black lines for the vector,
axial-vector and scalar cases show the limits obtained if cross sections down to the neutrino wall [373] can be
probed. For the pseudoscalar the black line shows the limit from FermiLAT [374]. More information on these
figures can be found in [267].

(νL, NR) space:

Mν =

(
0 mD

mT
D MN

)
(64)

where MN is the Majorana mass for NR which embodies the new neutrino mass physics, along with the
mixing between the light (νL) and heavy (NR) neutrinos governed by the parameter V`N ∼ mDM

−1
N .

The mass of light neutrinos is given by the seesaw formula

Mν ' −mDM
−1
N mT

D. (65)

The question that one is led to ask is what is the origin of NR and the associated Majorana masses
which represents the seesaw scale. We require that the new physics should naturally provide the key
ingredients of the seesaw mechanism, i.e. the RH neutrinos and a symmetry origin of their masses MN .
This will necessarily involve new Higgs bosons, whose collider signals are discussed in this article for a
future collider with center-of-mass

√
s = 100 TeV. Clearly for the seesaw scale to be accessible at such

colliders, it must be below the multi-TeV regime, which implies that there will exist new Higgs bosons
with TeV masses. A look at the seesaw formula makes it clear that with a multi-TeV seesaw scale, a
sub-eV neutrino mass is quite compatible with Yukawa couplings similar to electron Yukawa of the SM
(i.e. hν ∼ he), thus obviating the need for any ultra-small Yukawas (as for example in the pure Dirac
case).
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5.5.1 Left-Right Symmetric models (LRSM)
An appealing UV-complete model for the TeV-scale seesaw is the left-right symmetric model (LRSM)
which extends the SM electroweak gauge group to SU(2)L × SU(2)R × U(1)B−L [381–383]. The
fermions are assigned to the LR gauge group as follows: denoting Q ≡ (u d)T and ψ ≡ (ν e)T as the
quark and lepton doublets respectively, we assign QL and ψL as the doublets under the SU(2)L group
and QR and ψR as the doublets under the SU(2)R group. The Higgs sector of the model consists of one
or several of the following multiplets, that go the beyond the SM Higgs doublet:

φ ≡
(
φ0

1 φ+
2

φ−1 φ0
2

)
, ∆L ≡

(
∆+
L/
√

2 ∆++
L

∆0
L −∆+

L/
√

2

)
, ∆R ≡

(
∆+
R/
√

2 ∆++
R

∆0
R −∆+

R/
√

2

)
. (66)

There are versions of the model where parity and SU(2)R gauge symmetry scales are decoupled so that
∆L fields are absent from the low energy theory [384]. An important practical implication of the parity
decoupling is that it suppresses the type-II seesaw contribution to neutrino masses and thus provides a
natural way to realize the TeV-scale type-I seesaw mechanism, as in Eq. (65).

It has also been pointed out recently that the class of minimal left-right models discussed here
provide a natural setting for new fermions or scalars that are stable without the need for extra symmetries
and therefore become candidates for dark matter of the universe [385–388]. We do not elaborate on these
issues here since they do not affect our considerations reported here.

The gauge symmetry SU(2)R ×U(1)B−L is broken by the VEV 〈∆0
R〉 = vR to the group U(1)Y

of the SM. So vR will be the seesaw scale as we see below and is chosen to be in the multi-TeV range.
The VEV of the φ field, 〈φ〉 = diag(κ, κ′eiα), breaks the SM gauge group to U(1)em, with α being a
CP-violating phase. We will work in the limit that κ′ � κ, so that κ ' vew.

To see how the fermions pick up mass and how the seesaw mechanism arises, we write down the
Yukawa Lagrangian of the model:

LY = h`,aij ψ̄LiφaψRj + h̃`,aij ψ̄Li φ̃aψRj + hq,aij Q̄LiφaQRj + h̃q,aij Q̄Li φ̃aQRj

+ f(ψRi∆RψRj + ψLi∆LψLj ) + H.c. (67)

where i, j stand for generations and a for labeling Higgs bi-doublets, and φ̃ = τ2φ
∗τ2 (τ2 being the

second Pauli matrix). After symmetry breaking, the quark and charged lepton masses are given by the
generic formula Mf = hfκ + h̃fκ′e−iα for up-type quarks, while for down-type quarks and charged
leptons, it is the same formula with κ and κ′ interchanged and α→ −α. The above Yukawa Lagrangian
leads to the Dirac mass matrix for neutrinos, mD = h`κ+ h̃`κ′e−iα, and the Majorana mass matrix for
the heavy RH neutrinos, MN = fvR, which go into the seesaw formula (65) for calculating the light
neutrino masses.

5.5.2 Scalar Potential
The most general renormalizable scalar potential for the bidoublet and triplet fields, which is invariant
under parity, is given by

V = −µ2
1 Tr(φ†φ)− µ2

2

[
Tr(φ̃φ†) + Tr(φ̃†φ)

]
− µ2

3 Tr(∆R∆†R)

+λ1

[
Tr(φ†φ)

]2
+ λ2

{[
Tr(φ̃φ†)

]2
+
[
Tr(φ̃†φ)

]2
}

+λ3 Tr(φ̃φ†)Tr(φ̃†φ) + λ4 Tr(φ†φ)
[
Tr(φ̃φ†) + Tr(φ̃†φ)

]
(68)

+ρ1

[
Tr(∆R∆†R)

]2
+ ρ2 Tr(∆R∆R)Tr(∆†R∆†R)

+α1 Tr(φ†φ)Tr(∆R∆†R) +
[
α2e

iδ2Tr(φ̃†φ)Tr(∆R∆†R) + H.c.
]

+ α3 Tr(φ†φ∆R∆†R) .
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Due to the left-right symmetry, all 12 parameters µ2
1,2,3, λ1,2,3,4, ρ1,2, α1,2,3 are real, except for the

CP violating phase δ2, as explicitly stated in Eq. (68). If the vR is in the multi-TeV range, the parity
symmetric theory above leads to an unacceptably large contribution to neutrino masses from the ∆L

VEV (the so-called type-II seesaw contribution). In order to make the TeV-scale LRSM an acceptable
and natural theory for small neutrino masses (without invoking any fine-tuning or cancellations between
the type-I and type-II terms), one needs to suppress the type-II contribution. This can be done simply by
decoupling parity and SU(2)R breaking scales, in which case in the low energy spectrum (and hence, in
the scalar potential), the ∆L field is absent [384]. In this section, we will consider this class of TeV-scale
LRSM (unless otherwise specified) and study its implications in the Higgs sector.

5.5.3 New Higgs bosons in LRSM
In the minimal LRSM with the left-handed triplet ∆L decoupled, there are 14 degrees of freedom in the
scalar sector, of which two neutral components and two pairs of singly-charged states are eaten by the six
massive gauge bosons (W±, W±R , Z, ZR), thus leaving 8 physical scalar fields, namely, three CP-even
(h,H0

1,3), one CP -odd (A0
1), two singly-charged (H±1 ) and RH doubly-charged fields (H±±2 ) (h being

the SM Higgs boson).28 Their mass eigenvalues are given by (with ξ ≡ κ′/κ)

M2
h =

(
4λ1 −

α2
1

ρ1

)
κ2 , (69)

M2
H0

1
= α3(1 + 2ξ2)v2

R + 4

(
2λ2 + λ3 +

4α2
2

α3 − 4ρ1

)
κ2 , (70)

M2
H0

3
= 4ρ1v

2
R +

(
α2

1

ρ1
− 16α2

2

α3 − 4ρ1

)
κ2 , (71)

M2
A0

1
= α3(1 + 2ξ2)v2

R + 4 (λ3 − 2λ2)κ2 , (72)

M2
H±1

= α3

(
(1 + 2ξ2)v2

R +
1

2
κ2

)
, (73)

M2
H±±2

= 4ρ2v
2
R + α3κ

2 . (74)

Note that prior to symmetry breaking, there are two distinct types of Higgs bosons in the minimal
version of the model [cf. Eq. (66)]: the bi-fundamental Higgs field φ(2,2, 0) that is responsible for
breaking the SM electroweak gauge symmetry and generating Dirac fermion masses, and the triplet field
∆R(1,3, 2) that is responsible for breaking the SU(2)R×U(1)B−L symmetry and generating the seesaw
scale. Apart from their interactions with the gauge bosons and the bi-doublet fields, the triplet fields are
hadrophobic, i.e. couple exclusively to leptons in the limit of κ � vR. After symmetry breaking, these
Higgs fields mix among themselves, but in the limit ε ≡ κ/vR, ξ ≡ κ′/κ � 1, they can be considered
almost pure states. With this approximation, we find the predominantly bi-fundamental Higgs mass
eigenstates at the TeV-scale to be

H0
1 = Re φ0

2 − ξRe φ0
1 − βεRe ∆0

R ,

A0
1 = Im φ0

2 + ξ Im φ0
1 ,

H±1 = φ±2 + ξ φ±1 +
ε√
2

∆±R . (75)

Similarly, the predominantly hadrophobic Higgs mass eigenstates at the TeV-scale are

H0
3 = Re ∆0

R + βεRe φ0
1 + β′εRe φ0

2 ,

H±±2 = ∆±±R , (76)

28The physical scalars from ∆L are labeled respectively as H0
2 , A0

2, H±2 and H±±1 , and are decoupled from the low-energy
spectrum.
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where β, β′ are some combinations of the scalar couplings in the Higgs potential and are expected to be
of order ∼ 1. The hadrophobic Higgs masses are typically of order βvR. Since our goal is to explore
the Higgs sector of the minimal LRSM at the

√
s = 100 TeV collider, we will assume that the SU(2)R-

symmetry breaking scale is in the multi-TeV range, which generally means that the new Higgs fields are
also in the multi-TeV range. For an earlier discussion of the Higgs mass spectrum in this model, see
Refs. [389,390]. A recent detailed study at the future 100 TeV collider, including the relevant couplings,
production and decay modes of these new Higgs bosons, can be found in Ref. [391].

5.5.3.1 Bidoublet Higgs Sector

We identify the lightest CP-even Higgs boson (denoted by h) as the SM-like Higgs field and fix its mass
to be 125 GeV by appropriately choosing the parameters of the scalar potential. Its trilinear coupling is
then related in the same way as in the SM in the limit of ξ � 1:

λhhh =
1

2
√

2

(
4λ1 −

α2
1

ρ1

)
κ+
√

2

(
4λ4 −

α1α2

ρ1

)
ξκ , (77)

but differs from this prediction once κ′ becomes comparable to κ. So any observed deviation of the
mh − λhhh relation of the SM would be a measure of the ratio κ′/κ in the LRSM.

Turing now to the heavier fields, namely H0
1 , A0

1 and H±1 , being in the same bidoublet, they are
expected to have similar masses. The scale of their masses is severely constrained in the minimal version
of the model by low energy flavor changing neutral current (FCNC) processes, such as KL −KS mass
difference, B − B̄ mixing etc [392–395] and is known to imply MH0 ≥ 8 − 10 TeV. These fields are
therefore not accessible at the LHC but ripe for searches at the 100 TeV collider.

5.5.3.2 Hadrophobic Higgs Sector

The second set of Higgs fields in this model consists of the hadrophobic scalarsH0
3 andH±±2 that are part

of ∆R(1,3, 2) which is responsible for giving Majorana mass to the RH neutrinos. Prior to symmetry
breaking, they do not couple to quarks, as is evident from Eq. (67).

5.5.4 Production of the Heavy Higgs Bosons
Using the relevant couplings given in [391], we can read off the main collider signals of the heavy Higgs
sector in the minimal LRSM. As noted above, we require MH0

1
,MA0

1
,MH±1

& 10 TeV to satisfy the
FCNC constraints, whereas MH0

3
,MH±±2

can be much lighter, since there are no such stringent low
energy flavor constraints on them. The doubly-charged scalars must be above a few hundred GeV to
satisfy the existing LHC constraints [396].

The productions of the heavy CP-even/odd Higgs fields H0
1/A

0
1 are mainly through the b-parton

content of the proton, i.e. bb̄→ H0
1/A

0
1. This is due to the fact that the couplings of H0

1 and A0
1 to light

quarks are Yukawa-suppressed and to top-quark is suppressed by κ′/κ, while the gluon fusion channel
is highly suppressed by the loop factor in the chiral limit of small m2

b/M
2
H0

1
→ 0. The parton-level

cross sections for pp→ H0
1/A

0
1 and other relevant sub-dominant processes at

√
s = 100 TeV are shown

in Fig. 81 (left). Here we have computed the leading order (LO) cross sections using CalcHEP3.6.25
event generator [152] and CT14 [85] parton distribution functions (PDFs). We also include the NLO and
NNLO QCD corrections estimated using an appropriately modified version of SuSHi [397] and find that
the NNLO K-factor is sizable ∼ 2.6− 2.8.

For the singly-charged Higgs field H±1 , the dominant production process is via associated produc-
tion with a highly boosted top quark jet, e.g. b̄g → H+

1 t̄. This is mainly due to the large gluon-content
(and sizable bottom content) of the proton and the large Yukawa coupling of H±1 to third-generation
fermions. The NLO corrections, e.g. the process with an extra b-quark jet, are found to be about 1.6.
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Fig. 81: Dominant production cross sections for the heavy bidoublet Higgs bosons H0
1 , A0

1 and H±1 (left) and
hadrophobic Higgs bosons H0

3 and H±±2 (right) in the minimal LRSM at a
√
s = 100 TeV FCC-hh. Reproduced

from [391].

The associated production with two light quark jets is also important, which is predominantly via the SM
W boson: pp → H±1 W

∓ → H±1 jj, with subleading contribution from heavy WR vector boson fusion
(VBF) process. Without imposing any specialized selection cuts on the light and heavy quark jets and
just using the basic trigger cuts pTj > 50 GeV and ∆Rjj > 0.4, we show the parton-level cross sections
in these three channels for H±1 production as a function of its mass in Figure 81 (left).

For the hadrophobic Higgs sector, the dominant production mode for H0
3 is either via the VBF

process involving RH gauge bosons in t-channel: pp → H0
3 jj (with potentially important contribution

from Higgsstrahlung processes pp → H0
3VR → H0

3 jj where VR = WR, ZR) or via associated produc-
tion with the SM Higgs or pair-production of H0

3 : pp → h∗/H0 (∗)
1 → H0

3h/H
0
3H

0
3 , depending on the

mass spectrum. The VBF processes are guaranteed by the gauge couplings, while the other two channels
depend on the quartic couplings, mainly α1 and α2. The H0

1 portal in the H0
3h and H0

3H
0
3 channels is

highly suppressed by the large bidoublet mass in most of the parameter space of interest, and we switch
it off by setting α2 = 0. Regarding the SM Higgs portal, from the masses of the SM Higgs h and H0

3

[cf. Eq. (69) and (71)], one can easily obtain that λ1 = M2
h/4κ

2 +α2
1v

2
R/M

2
H0

3
. To prevent an unaccept-

ably large λ1 when H0
3 is light below the TeV scale, we set a small value of α1 = 0.01. For the VBF

channel, we set explicitly the gauge coupling gR = gL
29 and the RH scale vR = 10 TeV to fix the masses

of heavy gauge bosons, and apply the same basic cuts on the light quark jets as above. The correspond-
ing production cross sections in the three dominate channels are shown in Fig. 81 (right). For the Higgs
portal, we include the NLO QCD k-factor, which is known to be large∼ 2 for the top-quark loop [12]. It
is obvious that when H0

3 is light, say MH0
3
. 500 GeV, the Higgs portal dominates, otherwise the VBF

process takes over as the dominant channel.

For the doubly-charged Higgs sector, the dominant production mode is either via the Drell-Yan
(DY) mechanism: pp → γ∗/Z∗/Z(∗)

R → H++
2 H−−2 (with potentially sub-leading contribution from the

SM Higgs or resonant enhancement from the heavy H0
1 or H0

3 ) or via the VBF process pp → H±±2 jj
mediated by RH gauge bosons W±R in the t-channel (with potentially important contribution from the
Higgsstrahlung process pp→ H±±2 W∓R → H±±2 jj). The LO cross sections are shown in Fig. 81 (right),
where we have chosen the same set of parameters and cuts given above, as well as MH0

3
= 5 TeV to

29Note that the parameter gR/gL has significant effect on the H0
3 production in the VBF channel [391].
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Table 42: Dominant decay channels of the heavy bidoublet and hadrophobic Higgs bosons in the minimal LRSM
and their corresponding branching fractions. See text and Ref. [391] for more details.

scalar channels BR / comments
H0

1 bb̄ The BRs of the three channels are comparable in most
hH0

3 → hhh→ 6b/4b2γ of the parameter space of interest, with the exact values
WWR → 4j/`±`±4j depending on the parameters in LR model.

A0
1 bb̄ The two channels are comparable, depending on the parameters.

WWR → 4j/`±`±4j Γ(A0
1 → bb̄) ' Γ(H0

1 → bb̄)
Γ(A0

1 →WWR) ' Γ(H0
1 →WWR)

H±1 tb̄(t̄b)→ bbjj/bb`ν The three channels are comparable, depending on the parameters.
ZWR → 4j/`±`∓`±`±jj Γ(H+

1 → tb̄) ' 1
2Γ(H0

1 → bb̄)
hWR → bbjj/`±`±bbjj Γ(H+

1 → ZWR) ' Γ(H+
1 → hWR) ' 1

2Γ(H0
1 →WWR)

H0
3 hh→ 4b/2b2γ ∼ 100% (if the heavy particle channels are not open )

NRNR → `±`±4j sizable if the four heavy particle channels are open
W±RW

∓
R → 4j/`±`±4j

ZRZR → 4j/`±`∓jj
H++

2 H−−2 → `+`+`−`−

H±±2 `±`± ∼ 100% (if WRWR channel is not open )
W±RW

±
R → 4j/`±`±4j sizable if kinematically allowed

completely fix the coupling hH++
2 H−−2 [cf. Table 5 in Ref. [391]]. We find that for MH±±2

. 400

GeV, the DY process is dominant, whereas for relatively larger MH±±2
, this is suppressed, compared to

the VBF process, due to kinematic reasons. The bump in the DY channel around 5 TeV is due to the
resonant ZR contribution with MZR ' 2MH±±2

.

5.5.5 Decays of the heavy Higgs bosons
For the bidoublet scalar H0

1 , the dominant decay channels are bb̄, hH0
3 and WWR (if kinematically

allowed) which almost saturate the total decay width. The branching fractions are comparable, depending
on the top Yukawa coupling yt and the quartic couplings α2 and α3 (relevant to the mass of H0

1 ). It is
remarkable that for all the heavy Higgs bosons in the LRSM at LO all the dependence on the gauge
coupling gR is cancelled out (except for the dependence through the heavy gauge bosons), and the decay
widths are proportional to the RH scale vR, as that is the only relevant energy scale in the high-energy
limit. The other channels are suppressed by the relatively smaller couplings (e.g. hh and tt̄) or the phase
space (e.g. WRWR and ZRZR). Given the three dominant channels with large couplings, the total decay
width of H0

1 is generally very large in most of the parameter space, up to a TeV or even larger.

The decay of A0
1 is somewhat similar to H0

1 , and is dominated by bb̄ and WWR, with the partial
decay widths the same as that for H0

1 at the leading order. This implies that the bi-doublet CP-even and
odd scalars in the LRSM will appear as wide resonances at the FCC-hh.

For the singly-charged sector, since H±1 comes from the same doublet as H0
1 and A0

1, its decay
is closely related to the two neutral scalars. From the couplings in Table 3 of Ref. [391], it is easily
found that H±1 decays dominantly to tb̄ (t̄b), ZW±R and hW±R , with the partial widths half of those
corresponding to the two neutral scalars, cf. Table 42. The latter two decay modes are related via the
Goldstone equivalence theorem before symmetry breaking at the RH scale. These partial decay width
relations among H0

1 , A0
1 and H±1 could be used as a way to distinguish the LRSM Higgs sector from

other beyond SM Higgs sectors, such as in the MSSM.

For the hadrophobic scalar H0
3 , if it is not heavy enough to produce NRNR, WRWR, ZRZR or

H++
2 H−−2 , it can decay only to hh, since the tt̄ and bb̄ channels are suppressed by the small mixing
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parameter ε. In this case the width depends on the quartic parameter α1 which is directly related to
the SM Higgs mass and trilinear coupling λhhh [cf. Eqs. (69) and (77)]. Due to the theoretical and
experimental constraints, the decay width of H0

3 in this case could possibly be very small, around 10
GeV scale. If the decays to heavy particles are open, the width would be largely enhanced, as none of
those couplings are suppressed; see Table 4 of Ref. [391]. An interesting case is the decay into a pair of
doubly-charged Higgs, which decays further into four leptons. In this case we can study the two scalars
simultaneously in one chain of production and decay processes. Note that in this channel, the trilinear
coupling for the vertex H0

3H
++
2 H−−2 is directly related to the masses of the two particles [cf. Eqs. (73)

and (74) and Table 5 of Ref. [391]].

For the doubly-charged scalar H±±2 , the dominant decay channel is to two same-sign leptons. If
its mass is larger than twice the WR mass, the WRWR channel is also open and contributes sizably to the
total width. As stated above, the WR channel depends on the gauge coupling gR only through the WR

boson mass.

More details of the dominant decay channels can be found in Ref. [391], including the analytic
formulae for all the partial decay widths at LO. There are also rare lepton number violating Higgs decays
that could provide additional signals for the LRSM at colliders [398].

5.5.6 Key discovery channels at the 100 TeV collider
Given the dominant production and decay modes of heavy Higgs states in the minimal LRSM demon-
strated above, we list here the key discovery channels at the FCC-hh. For concreteness, we mainly focus
on the channels with least dependence on the hitherto unknown model parameters.

Since the production of bidoublet Higgs bosons is solely determined by their Yukawa couplings
to the third generation quarks, their signal sensitivities depend only their masses but not on the RH scale
vR or the gauge coupling gR. For the bidoublet neutral scalars H0

1/A
0
1, the main discovery channel is

pp → H0
1/A

0
1 → bb̄. Due to the high center-of-mass energy and large masses of H0

1/A
0
1, as required

by FCNC constraints, the b-jets are highly boosted, which could help to distinguish them to some extent
from the SM bb background, for instance with a large invariant mass cut of Mbb > 10 TeV. With the
additional basic transverse momentum and jet separation cuts, it is found that the neutral bi-doublet
scalars H0

1/A
0
1 can be probed in the bb channel up to 15.2 TeV at 3σ C.L., assuming an optimistic

integrated luminosity of 30 ab−1 [391].

For the CP-even H0
1 , there is an additional key channel, i.e. pp → H0

1 → hH0
3 → hhh [cf.

Table 42]. If H0
3 is not very heavy, e.g. at the TeV scale, this is a viable channel for both H0

1 and H0
3

discovery, by examining the triple Higgs production, for instance with the distinct final state of 6b or
4b + γγ. The LO gg → hhh production cross section in the SM is 3 fb at

√
s = 100 TeV, with a

large NLO K-factor of ∼ 2 [240,241]. However, this large background can be suppressed effectively by
applying Mbb > 10 TeV. Assuming a branching ratio of 10% for H0

1 decaying into hH0
3 , it is found that

the sensitivity in this channel is comparable to the bb mode, reaching up to 14.7 TeV for H0
1 [391].

For the singly chargedH±1 , the key discovery channel is pp→ H±1 t→ ttb. Again, due to the large
mass of H±1 , both t and b-jets will be highly boosted, which will be a key feature to extract the signal
from the irreducible QCD ttb background. In particular, jet substructure analysis of the heavy quark
jets and the kinematic observables could help to suppress the SM background and also to distinguish
the LRSM model from other scenarios such as the MSSM. With solely a simple cut on the bottom jets
Mbb > 5 TeV, as well as the basic cuts, it is found that the the singly-charged scalar H±1 can be probed
only up to 7.1 TeV at the C.L. level of 3σ, mainly due to the small production cross section and the large
QCD background [391].

The situation is more intricate for the hadrophobic scalars, as the dominant production channels
depend on the RH scale vR, either through the vertices or through the RH gauge boson propagators, as
well as the gauge coupling gR. For H0

3 , the key channel is pp→ H0
3 jj → hhjj, which can be searched
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for in either 4b + jj or bbγγjj channels. The dominant SM backgrounds are from VBF production
of SM Higgs pair and ZZW processes [17, 127]. For smaller H0

3 masses, the triple Higgs channel
pp→ H0

3h→ hhh becomes important, which can be readily distinguished from the same final state due
to H0

1 decay, because of the different invariant masses and due to the fact that the H0
3 resonance width is

rather small, say ∼ few times 10 GeV, as compared to the broad resonance of order TeV for H0
1 .

Regarding the doubly-charged scalars H±±2 , the key channels are (i) for low masses, the DY
process pp → H++

2 H−−2 → `+`+`−`−, where some of the leptons could in principle be of different
flavor, thus probing lepton flavor violation, with the dominant SMZZ background [399], and (ii) for high
masses, the VBF process pp → H±±2 jj → `±`±jj, which is a high-energy analog of the neutrinoless
double beta decay, thus probing lepton number violation at FCC-hh. The leptonic channels are rather
clean and the backgrounds are mostly from the SM ZZ andWZ leptonic decays with one of the signs of
leptons wrongly reconstructed. As demonstrated in Section 5.5.7 the VBF process H++

2 H−−2 jj is also
promising at the FCC-hh. It is interesting to note that this channel could also stem from pp→ H0

3 jj →
H++

2 H−−2 jj with on-shell VBF production ofH0
3 , providedMH0

3
> 2MH±±2

, which could significantly
enhance this signal.

Adopting the benchmark values of parameters given in Section 5.5.4, we show the projected sen-
sitivities for H0

3 and H±±2 in all the dominant channels in Fig. 82 for an integrated luminosity of 30
ab−1. In all the channels, we choose only the decay modes with the largest significance: for H0

3 , it is the
decay chain H0

3 → hh→ 4b, while for the doubly-charged scalar H±±2 it is the final states of `±`± with
` = e, µ. All the corresponding SM backgrounds have been taken into consideration in a conservative
manner; see Ref. [391] for more details. The sensitivities in the SM Higgs portalH0

3 production channels
(H0

3h and H0
3H

0
3 ) increase for a larger vR and in these two channels H0

3 can be probed up to multi-TeV
range. In the DY channel, H±±2 is produced predominately through the SM γ/Z mediators and thus the
sensitivity is almost independent of vR, except a resonance-like enhancement due to a heavy ZR boson
with mass MZR ' 2MH±±2

. In the VBF channel, both H0
3 and H±±2 can be probed up to the few TeV

range when vR is small; when vR becomes larger, due to the increasing WR (and ZR) mass, the sensi-
tivities drop rapidly, especially when the heavy gauge bosons can not be pair produced on-shell. Even
when vR is in the range of few times 10 TeV, a TeV-scale hadrophobic scalar in the minimal LRSM can
still be seen at the 100 TeV collider. The Higgsstrahlung sensitivities are lower for both H0

3 and H±±2

compared to the VBF channels, and are not shown in Fig. 82.

More details of the sensitivity studies can be found in Ref. [391]. This parton-level analysis is
intended to serve as a guideline for more sophisticated and accurate simulations in future, including
optimized selection acceptance and cut efficiencies, and other experimental issues, such as jet energy
calibration, boosted top and bottom quark tagging efficiencies, etc. For a full detector-level case study of
the pair-production of doubly-charged scalars in association with two jets, see Section 5.5.7.

5.5.7 Case study: pp → H++
1,2 H

−−
1,2 jj

As stated in Section 5.5.4, the dominant production channel for the RH doubly-charged scalars H±±2

is via the DY pair-production or VBF single production, depending on the model parameters. Another
interesting possibility in the VBF scenario is the pair-production H++

1,2 H
−−
1,2 jj (where H±±1 is the LH

triplet counterpart of H±±2 ), which has been studied in great detail in Ref. [400]. In this section, we
summarize the main results for this case study. One should be aware that in presence of the left-handed
triplet ∆L, not all charged scalars are always simultaneously light; however, there are parameter domains
where it is possible [400–402]. In general, the doubly-charged scalars decay to either a pair of same-sign
charged leptons or a pair of SU(2)L,R charged gauge bosons. The decay branching ratios are controlled
by their respective VEVs. See Table 1 of [401] for more details. In this case study, it is assumed that
the doubly-charged scalars dominantly decay to a pair of same- sign charged leptons, thus leading to the
signal of four leptons associated with two forward jets, i.e., pp→ H++

1,2 H
−−
1,2 jj → 4`+ 2j.
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Fig. 82: Projected sensitivities of the heavy hadrophobic Higgs bosons H0
3 and H±±2 in the dominant channels in

the minimal LRSM at
√
s = 100 TeV FCC-hh for an integrated luminosity of 30 ab−1. Reproduced from [391].

See text for more details.

To perform the analysis, we have imported our own implemented minimal LRSM files in
Madgraph [123] using FeynRules [403]. In Ref. [400], two benchmark points consistent with experi-
mental and theoretical constraints were shown which lead to two different sets of scalar spectra, where
the common mass of the doubly-charged scalars was 500 GeV and 1000 GeV, respectively. In this case,
the LO production cross-sections are

σ(pp→ H±±1 H∓∓1 jj) = 599.70 [73.28]× 10−2 fb, (78)

σ(pp→ H±±2 H∓∓2 jj) = 401.40 [37.43]× 10−2 fb,

for
√
s=100 TeV with MH±±1,2

= 500 [1000] GeV respectively [400]. Then we have allowed H±±1,2

to decay leptonically within Madgraph and that has been interfaced with DELPHES [147] to isolate the
leptons and jets. For lepton/jet identifications and construction we have used default FCC-hh card in
DELPHES which also includes the basic isolation and selection criteria. We have also incorporated the
following VBF cuts [400,404] within DELPHES-root signal analysis code: pT j1 , pT j2 > 50 GeV, |ηj1 −
ηj2 | > 4, mj1j2 > 500 GeV and ηj1 ∗ ηj2 < 0. After implementing VBF cuts and hard pT cuts
(pT`1 > 30 GeV, pT`2 > 30 GeV, pT`3 > 20 GeV, pT`4 > 20 GeV) for four leptons in DELPHES-root
code [147], we find signal cross section to be:

σ(pp→ 4l + jj)sig. = 48.92 [5.5146]× 10−2 fb, (79)

for
√
s=100 TeV with MH±±1,2

= 500 [1000] GeV, respectively. In the analysis without DELPHES FCC-hh

cards [400], this cross section is 37.01 [3.54] × 10−2 fb. The departures in the signal cross sections are
quite large – around 32% and 56 % respectively for first and second benchmark points. It shows that the
implementation of dedicated DELPHES cards which take care of the lepton and jet reconstructions, and
isolations, is promising and worth of further development for FCC-hh.

The dominant SM background comes from ZZjj final state. We have computed and estimated
this background using same set of selection criteria, hard pT and VBF cuts for leptons and jets, at parton
level using Madgraph [144], and at hadron level using PYTHIA [110] after incorporating showering and
hadronization:

σ(pp→ 4l + jj)bkg. = 479.4 [3.8]× 10−2 fb. (80)
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Fig. 83: Significance vs integrated luminosity for pp → H++
1,2 H

−−
1,2 jj → 4` + 2j with doubly-charged scalar

masses of 500 GeV (solid-red line) and 1000 GeV (dotted-yellow) and center of mass energy at
√
s=100 TeV.

Here the left- and right-handed doubly-charged scalar contributions are summed up, and the two horizontal lines
represent the significances at the level 5 and 3 respectively.

For the suggested benchmark points with MH±±1,2
=500 and 1000 GeV we have also analyzed the sig-

nificances of the signal events for different set of integrated luminosities, see Fig. 83. We have de-
fined the significance as S/

√
S +B, where S and B are the signal and background events (cross

section×luminosity). It is interesting to note that below a luminosity of 100 fb−1 it is possible to ad-
judge the signal strength with significance level 5 (magenta dotted line) for MH±±1,2

=500 GeV. To make
a definite comment on the other benchmark points with larger doubly-charged scalar masses we need to
wait till we collect enough data with integrated luminosity ∼ O(1000) fb−1.

5.5.8 Distinguishing from the MSSM Higgs Sector
One of the key features which distinguishes the LRSM Higgs sector from other popular beyond SM
Higgs sectors, such as the 2HDM, is the presence of the doubly-charged scalars. Thus, a positive signal
for any of the doubly-charged scalars discussed here will be a strong evidence for the LRSM. Another
distinction is due to the H0

3 → hh decay mode of the neutral hadrophobic scalar in LRSM, which is
absent in generic 2HDM scenarios in the so-called alignment limit, since the Hhh coupling identically
vanishes [405–407].

As for the bidoublet Higgs sector in the LRSM, this is similar to the MSSM Higgs sector, which
also contains two SM Higgs doublets. However there is a profound difference between the two models,
since in the LR case, the second Higgs, in the limit of κ′ = 0 does not contribute to fermion masses and
therefore the decay properties are very different, as illustrated in Table 43. In particular, the τ+τ− final
state is suppressed by either the Dirac Yukawa coupling or the left-right mixing for the neutral bi-doublet
scalars H0

1/A
0
1 in the LRSM [cf. Table 12 of Ref. [391]], whereas this is one of the cleanest search

channels for the MSSM heavy Higgs sector in the large tanβ limit. Furthermore, due to the presence of
extra gauge fields in our case i.e. W±R , ZR, new modes appear, e.g. H0

1 → W±RW
∓ and H±1 → W±RZ,

which have no MSSM analog. These modes can lead to distinguishing signals in leptonic channels e.g.
`±`±4j with ∼ 5% branching ratio. With 30 ab−1 data, this can lead to about 1000 events before cuts,
while the SM background for these sign-sign dilepton processes is expected to be very small. One can
also use the relations between the various partial decay widths as shown in Table 42 to distinguish the
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Table 43: A comparison of the dominant collider signals of neutral and charged scalars in the minimal LRSM and
MSSM.

Field MSSM LRSM
H0

1 , A
0
1 bb̄, τ+τ− (high tanβ) bb̄

tt̄ (low tanβ) WWR → `±`±4j

H+ tb̄tb̄, tb̄τ+ν t̄LbR

LRSM Higgs sector from other scenarios.

If a positive signal is observed, one can also construct various angular and kinematic observables
to distinguish the LRSM scenario from other models giving similar signals [408–410]. For instance, we
find from Table 43 that t̄LbR final states are preferred over the t̄RbL final states for the H+

1 production,
which can be utilized to distinguish it from other 2HDM scenarios, including the MSSM.

5.5.9 How would this fit into the discovery landscape?
Discovery of any of the signals of the LRSM, and in particular its Higgs sector, would bring about a
fundamental change in our thinking about neutrino masses and will change our perspective on supersym-
metry and grand unification. This will also affect the discussion of the origin of matter via leptogenesis
in a profound manner. For instance, if the WR gauge boson is discovered below 9 (gR/gL) TeV, it will
rule out the whole leptogenesis approach [411–415]. Discussions of issues such as naturalness will have
to assume the low energy group to be the left-right symmetric group rather than the SM gauge group.
This has implications for the stability of the electroweak vacuum [416, 417].

5.6 Naturalness
5.6.1 Supersymmetry
In spite of the stringent bounds, which have been put on superpartners’ masses by the ATLAS and CMS
collaborations, supersymmetry (SUSY) is still an attractive candidate for physics beyond the SM. It
can successfully address the big hierarchy problem, although with some (potentially mild) residual fine
tuning.

The superpartners, and most importantly stops, gauginos and higgsinos play a crucial role in restor-
ing the naturalness, and their masses are directly related to the fine tuning of the supersymmetric exten-
sion of the SM [418–421]. Summaries of the search program can be found, for example, in Ref. [422].
However, SUSY also necessarily modifies the higgs sector of the SM, and we will mostly concentrate on
these modifications here.

The modifications of the higgs sector in SUSY are twofold. First, low masses superpartners,
required by naturalness might significantly affect the higgs couplings at the loop level. Given that the
leading-order higgs coupling to the photons and gluons show up in the SM at the one-loop level, light
stops and, to a lesser extent, light gauginos might affect these couplings appreciably. These effects have
been extensively studied in the literature, see for example Refs. [423, 424]. In particular, Ref. [423]
found that stops with mass of order ∼ 250 GeV imply a deviation in the higgs couplings of order
rg ≡ ghgg/g

SM
hgg ≈ 1.25, triggering an order one deviation in the higgs gluon fusion production rate. In

general, the contributions of the stops to the gluon coupling in the small mixing limit is approximately
given by the very well known formula

rg − 1 ≈ 1

4

(
m2
t

m2
t̃1

+
m2
t

m2
t̃1

− X2
tm

2
t

m2
t̃1
m2
t̃2

)
, (81)

with Xt ≡ At − µ cotβ being the left-right mixing between the stops. One can derive a very similar
formula for rγ ≡ ghγγ/g

SM
hγγ . The modifications due to the stops are large as long as they are light (with
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mass around ∼ 200 GeV) and have small mixing, while the effect rapidly decreases for larger masses
and becomes negligible for mt̃ & 400 GeV. Of course, exclusions based on these considerations are
never completely robust because of the so-called “funnel region" where the left-right mixing completely
cancels out the contribution to the hgg coupling, but this regime is also less interesting from the point of
view of naturalness considerations.

Although these modifications to the higgs couplings are interesting and helped until now to rule
out certain SUSY scenarios, most of the parameter space with light stops has been already excluded
by the direct searches at the LHC. Higgs couplings are currently superior to direct searches only for
the challenging case of compressed spectra. If such squeezed stops are the cause of higgs coupling
deviations and escape detection at the LHC, the vastly superior sensitivity of a 100 TeV collider to
weak scale colored states makes discovery extremely likely. Precision high-energy measurements of DY
production at a 100 TeV collider are also likely to model-independently detect such states via their effect
on EW RG evolution [300].

The charginos (winos and higgsinos) might also have an interesting effect on the hγγ coupling.
This effect is much more modest than that from stops, but it can still be important because of the chal-
lenges that the EWeakinos searches usually pose: small cross sections and relatively soft signatures.
This point has been first emphasized in [425, 426]. In practice, the effect becomes important only for
relatively small tanβ. This region of parameter space is somewhat disfavored by naturalness, at least
if one restricts to more minimalistic scenarios, but it can still be important if a larger degree of residual
fine-tuning is tolerated. At tanβ ≈ 1 the contribution to the higgs couplings can be approximated as

rγ ≈ 1 + 0.41
m2
W

M2µ−m2
W

(82)

Practically for tanβ ≈ 1 this value varies varies between 0.7 and 1.13, while for tanβ > 2 the allowed
range further shrinks to 0.8 < rγ < 1.1. The effect also decouples quickly with increasing gaugino
mass. The precision of a hγγ coupling measurement might be below percent-level at a 100 TeV collider,
see Section 3.2.1, which corresponds to a limit M2µ & (500 GeV)2 from Eq. (82). The generic EWino
reach through direct production is in the TeV range or above [294–296], but it would be interesting to
understand in which scenarios a hγγ coupling measurement could provide superior sensitivity.

Another effect, which has an important impact on the SUSY higgs sector, has to do with the
fact that SUSY necessarily involves 2HDM of type II. Moreover, if one insists on naturalness, the
heavy higgses cannot be arbitrarily heavy. Naturalness considerations imply upper bounds on their
masses [427–429], which are however much milder than those on stops or higgsinos. In particular,
Ref. [429] showed that in order not to exacerbate the fine-tuning of the supersymmetrized SM one would
plausibly expect to see the heavy higgses of the 2HDM at masses of 1 − 3 TeV. Needles to say, such a
range of masses is far beyond the reach of the LHC, while it represents a promising opportunity for a
100 TeV collider. We will elaborate on the reach on these new states in Section 5.7, where it will be also
discussed in the more generic context of the 2HDM.

5.6.2 Composite Higgs
5.6.2.1 Higgs compositeness – General Overview

In the past decade a realistic framework has emerged [176, 430–436] (for a recent review see [180]) in
which the Higgs boson arises as a pseudo-Nambu-Goldstone Boson (pNGB) from the spontaneous break-
ing of a global symmetry G → G′ of a new strongly interacting sector. These theories have two crucial
advantages over plain technicolor models. Firstly, the presence of a light Higgs boson allows a parametric
separation between the G → G′ breaking scale f and the electroweak symmetry breaking scale v. This
alleviates the tension of technicolor models with electroweak precision tests. Secondly, the flavor prob-
lem of technicolor can be greatly improved by the implementation of partial compositeness [437, 438].
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The simplest realistic realization of the composite Higgs idea is represented by G = SO(5)× U(1)X
and G′ = SO(4) × U(1)X and called the Minimal Composite Higgs Model (MCHM) [432, 433]. The
U(1)X factor is needed to obtain the correct hypercharge, Y ≡ T 3

R + X , for the SM fermions. This
breaking pattern satisfies the conditions of a viable model: the SM vector bosons gauge a subgroup
SU(2)L × U(1)Y ⊂ G and G/G′ contains an SU(2)L doublet which can be identified with the Higgs
doublet. The coset space of the MCHM contains four NGBs transforming as a 4 of SO(4), three of
which are eaten by the SM gauge bosons while the fourth is the physical Higgs boson. Larger cosets
give rise to more NGBs, including, for example, extra singlets and doublets [439–441]. Interestingly, an
additional singlet could be interpreted as a Dark Matter candidate [439, 441–446].

At low energy, below the mass scale of the heavy resonances of the strong dynamics, the theory is
described by an effective Lagrangian involving the composite Higgs doublet and the SM fields. Effects
induced by the virtual exchange of the heavy modes are encoded by local operators whose relative im-
portance can be estimated by assuming a power counting. For example, under the assumption that the
new strongly-coupled dynamics is described by a single mass scalem∗ and a single coupling strength g∗,
the effective Lagrangian has the form [176]

Leff =
m4
∗

g2∗
L
(
Dµ

m∗
,
g∗H
m∗

,
λΨ

m
3/2
∗

)
. (83)

One naively expects a typical coupling strength among the bound states of order g . g∗ ≤ 4π, where
values g∗ < 4π allow a perturbative expansion in the effective theory. The mass scale of the heavy
resonances, m∗, represents the cutoff of the effective theory and sets its range of validity. Equation (83)
describes the low-energy dynamics of the light composite Higgs H with elementary SM fermions Ψ, as
first discussed in Ref. [176]. The coupling λ controls the strength of the interaction between the elemen-
tary and composite fermions, where the latter have been integrated out. If the Higgs is strongly coupled,
a simple yet crucial observation is that any additional power of H costs a factor g∗/m∗ ≡ 1/f , 30 while
any additional derivative is suppressed by a factor 1/m∗. Note that extra powers of the gauge fields are
also suppressed by 1/m∗ as they can only appear through covariant derivatives in minimally coupled
theories. If the light Higgs interacts strongly with the new dynamics, g∗ � 1, then the leading correc-
tions to low-energy observables arise from operators with extra powers ofH rather than derivatives. This
remark greatly simplifies the list of important operators.

Composite Higgs models predict various new physics effects that can be probed at current and
future colliders. In particular, new heavy vectors and fermions (the top partners) are expected and can
be directly searched for. In addition, the composite nature of the pNGB Higgs implies deviations of the
Higgs couplings from their SM value by an amount proportional to ξ = v2/f2, where v is the scale of
EWSB and f the decay constant of the pNGB. In the MCHM, and more in general in theories with coset
SO(5)/SO(4), the following prediction holds for the couplings of one and two Higgs bosons to gauge
bosons:

gMCHM
hV V

gSMhV V
=
√

1− ξ , gMCHM
hhV V

gSMhhV V
= 1− 2ξ , (84)

where gSMhV V and gSMhhV V represent the SM couplings, while gMCHM
hV V and gMCHM

hhV V stand for the couplings
in the MCHM. At low energy, virtual effects of the heavy resonances can be parametrized in terms of
local operators, which also lead to anomalous Higgs couplings (such as, for example, derivative inter-
actions between the Higgs and gauge bosons). Precision measurements of the Higgs couplings thus
constraint the compositeness scale and indirectly probe the heavy resonances. In fact, direct and indi-
rect measurements represent complementary strategies to test the parameter space of a composite Higgs
models.

30Note that a weakly-coupled, elementary Higgs would cost a factor g/m∗.
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As discussed in detail in the Volume of this report dedicated to BSM physics [447], the parameter
space of the MCHM can be described by the mass of the heavy vectors, mρ, and their coupling strength,
gρ (to be identified with m∗ and g∗ respectively). These two parameters are related through the relation
ξ ∼ g2

ρv
2/m2

ρ. In a recent study [448,449], the expected direct reach of a 100 TeV collider was compared
to the indirect reach on ξ of various lepton colliders. Indirect searches are sensitive to ξ through precision
measurements of the Higgs couplings: a high-luminosity upgrade of the LHC can probe values down to
ξ ≥ 0.1 [450, 451], while lepton colliders like TLEP and CLIC are expected to reach the sub-percent
level [178, 191]. Direct resonance searches for heavy vector particles at 100 TeV with 10 ab−1, on the
contrary, are sensitive to masses between 10 and 20 TeV for coupling strengths between gρ ∼ 8 and 2.
Masses up to 35 TeV become accessible for gρ . 1.5. Note that this corresponds to values of ξ of the
order O(10−4). This illustrates the complementarity of the two searches strategies: indirect searches are
more powerful for large couplings, while direct searches can access considerably larger masses for small
coupling values.

5.6.2.2 Unnatural (or Split) Composite Higgs

Composite Higgs models must satisfy a number of indirect constraints that arise from flavor and precision
electroweak observables. While the precision electroweak constraints from the T parameter are avoided
with a custodial symmetry and those from the S parameter are ameliorated with gρ & 3, the most
stringent constraints actually arise from flavor observables which gives rise to an approximate lower
bound on the scale of spontaneous symmetry breaking f & 10 TeV [180, 452]. It is therefore clear that
composite Higgs models require additional flavor structure in order to satisfy these constraints. Instead,
if a more minimal approach is taken, one can simply assume that f & 10 TeV. Of course this simplicity
comes at the price of a tuning in the Higgs potential of order v2/f2 ∼ 10−4. This meso-tuning is still
a many orders of magnitude improvement compared to that encountered in the Standard Model with a
Planck scale cutoff and leads to an unnatural (or split) version of composite Higgs models.

Interestingly, even though the resonances are now very heavy these models can still give rise
to distinctive experimental signals. The crucial requirement involves preserving gauge coupling unifi-
cation due to a composite right-handed top quark [453]. The minimal coset preserving this one-loop
result together with a discrete symmetry needed for proton and dark matter stability is SU(7)/SU(6)×
U(1) [454]. This coset contains twelve Nambu-Goldstone bosons, forming a complex 5 containing the
usual Higgs doublet, H , with a color triplet partner, T , and a complex singlet, S which can be a stable
dark matter candidate. In addition, the composite right-handed top quark, needed for gauge coupling
unification, is part of a complete SU(6) multiplet containing extra exotic states, χc, that will be degen-
erate with the top quark. These states can be decoupled by pairing them with top companions, χ to form
a Dirac mass of order f .

Interestingly the split compositeness can posses a rich non-minimal higgs sector. The unnatural
or split spectrum will consist of the pseudo Nambu-Goldstone bosons, H,T and S with masses � f ,
which are split from the resonances with masses > f , while the top companions χ have Dirac masses of
order f . Thus for f & 10 TeV, the color triplet partner T of the Higgs doublet and the top companion
states χ, crucial for gauge coupling unification, will be accessible at a future 100 TeV collider.31

In the model of Ref. [454], the color triplet partner T of the Higgs doublet will be the lightest
colored state. Its dominant decay mode is T → tcbcSS which arises from a dimension-six term, where
tc, bc are Standard Model quarks and S is the singlet scalar. The decay length is given by

cτ = 0.6 mm
(

1

cT3

)2( 8

gρ

)3(3 TeV
mT

)5( f

10 TeV

)4 1

J(mt,mS)
, (85)

where cT3 is an order one constant, mT (mS) is the color triplet (singlet scalar) mass and J(mt,mS) is a
31In fact the top companions cannot be made arbitrarily heavy because this will worsen the unification and therefore there is

an approximate upper bound f . 500 TeV [454].
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phase space factor (see Ref. [455] for details). Thus, since the scale f & 10 TeV, the color triplet is long-
lived and can decay via displaced vertices or outside the detector. This signal at a 100 TeV collider was
analyzed in Ref. [455]. When f = 10 TeV, displaced vertex and collider stable searches are sensitive to
triplet masses in the range 3-10 TeV, while for heavier triplet masses, prompt decay searches are sensitive
to color triplet masses in the range 4-7 TeV. For f = 100 TeV there are no accessible prompt decays and
the displaced vertex and collider stable searches can now cover color triplet masses up to 10 TeV. These
results are depicted in Fig. 84.

Fig. 84: Projections for a 100 TeV collider with 3 ab−1 of integrated luminosity as functions of the scalar mass
mS and triplet mass mT . The shaded regions show the 5σ discovery reach (95% CLs exclusion limit) for the
R-hadron/displaced (prompt) searches. The dashed lines include an additional factor of two reduction in the signal
efficiency for DV searches to account for the impact of more stringent experimental cuts. The left and right panels
correspond to f = 10 and 100 TeV respectively. This figure is taken from Ref. [455].

The top companions are the next heaviest states and have SU(3) × SU(2) × U(1)Y quantum
numbers:

χ ≡ q̃c ⊕ ẽ⊕ d̃c ⊕ l̃ = (3̄,2)− 1
6
⊕ (1,1)−1 ⊕ (3̄,1) 1

3
⊕ (1,2)− 1

2
(86)

These states are similar to excited Standard Model quarks and leptons and will decay promptly at a
100 TeV collider. Assuming a scale f & 10 TeV the top companions will have masses in the 10−20 TeV
range. The colored top companions q̃c, d̃c will have unsuppressed decays to quarks and the color triplet T ,
whereas the SU(2) singlet, ẽ has a three-body decay into a bottom quark and two scalar triplets and the
SU(2) doublet, l̃ decays to a quark, a color triplet and a scalar singlet [454]. A further study of top
companion mass limits from these decays at a 100 TeV collider will be useful.

In summary, at a 100 TeV collider color triplet scalars give rise to distinctive signals and together
with the top companions provide a smoking-gun signal for unnaturalness in composite Higgs models.

5.6.3 Neutral Naturalness
Here we briefly discuss the signatures of Neutral Naturalness, with emphasis on the Higgs-related mea-
surements most suited for a 100 TeV collider. We anchor the discussion by referring to two concrete
benchmark models, Folded SUSY (FSUSY) [271] which features EW-charged scalar top partners, and
the Twin Higgs [270] featuring SM-singlet fermionic top partners. However, some aspects of the phe-
nomenology can also be derived more model-independently [293, 456]. The phenomenology of Neutral
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Naturalness is rich, and includes potentially measurable Higgs coupling deviations, exotic Higgs decays,
and direct production of partner states, additional Higgs states, or multi-TeV SM-charged states that are
part of the more complete protective symmetry that ultimately underlies the model.

5.6.3.1 Theory overview

In perturbative extensions of the SM, the hierarchy problem can be solved by introducing top partners.
The coupling of these states to the Higgs is related to the top Yukawa by some symmetry (like supersym-
metry, or a discrete symmetry in Little Higgs models [457–460]) such that the partner’s quadratically
divergent one-loop Higgs mass contribution cancels that of the top quark. In most theories, this symme-
try ensures that the top partners carry SM color charge, allowing copious production at hadron colliders
as long as their mass is in the natural . TeV range.

It is possible to devise concrete models in which the symmetry which protects the Higgs includes
a discrete group like Z2, and does not commute with SM color. This leads to the possibility of color-
neutral top partners. Such theories of Neutral Naturalness feature very different phenomenology from
theories like the MSSM.

We anchor our discussion by referring to two archetypical theory examples of Neutral Naturalness.
The first is Folded SUSY (FSUSY) [271] which features a mirror sector of sparticles carrying SM EW
quantum numbers. This mirror sector is charged under its own copy of QCD, which confines at a few –
10 GeV. This leads to Hidden Valley phenomenology [375, 461–463]: since LEP limits forbid light EW-
charged particles below ∼ 100 GeV, the lightest new particles are mirror glueballs. Because the only
interactions between the mirror sector and the SM proceed via the EW-scale particles, the lifetimes of
the glueballs are necessarily suppressed by powers of Λ

EW , leading to the above mentioned hidden valley
scenarios. Top partner loops couple the Higgs to mirror gluons, allowing for mirror glueball production
in exotic Higgs decays, and displaced glueball decay via mixing with the SM-like Higgs.

Our second theory benchmark is the Twin Higgs [270], which features SM-singlet fermionic top
partners. These are part of a mirror sector containing copies of all SM particles and gauge forces.
The original mirror Twin Higgs model has several cosmological problems due to an abundance of light
invisible mirror states. One simple modification, which satisfies all cosmological constraints [464, 465],
is the Fraternal Twin Higgs (FTH) [466], which only duplicates the third generation in the mirror sector.
In that case, the hadrons of mirror QCD can be made up of mirror glueballs, mirror quarkonia, or a
mixture of both.

A common feature of these theories is the existence of a mirror QCD gauge group under which the
top partners (and other fields in the mirror sector) are charged. From a top-down perspective this mirror
QCD arises as a consequence of the discrete symmetry relating the SM and mirror sector. At some high
scale, the mirror gBS and yBt are (almost) equal the SM gAS , y

A
t . From a bottom-up perspective [466],

the existence of a mirror QCD force is expected, since otherwise yBt would run very differently from
yAt , ruining the cancellation between the top loop and the top partner loop in the Higgs mass at a scale
of a few TeV. As we see below, this mirror QCD, and the associated low-energy hadron states, have
important phenomenological consequences. Of course, the discrete symmetry usually has to be broken
in some way (otherwise the two sectors would be identical), and it is possible to break mirror QCD as
well [467, 468]. In natural versions of these models, new SM-charged states appear at a few TeV, which
is in line with the above bottom-up expectation.

There are several features of Neutral Naturalness that are even more model-independent. Top part-
ners, by their very nature, have to couple to the SM through the Higgs-portal, which leads to loop-level
deviations in theZh production cross section that is potentially detectable at future lepton colliders [456].
Other possibilities include tree-level Higgs coupling deviations can also arise due to mixing effects, mod-
ifications of the Higgs cubic coupling due to top partner loops, electroweak precision observables [293],
and direct top partner production via off-shell Higgs bosons [308, 316]. Crucially, it seems very chal-
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lenging to construct a model of Neutral Naturalness which does not lead to detectable signatures at a
100 TeV collider, lepton colliders, or both [293]. This lends additional motivation for Higgs-related
measurements at a 100 TeV collider.

Models of Neutral Naturalness solve the Little Hierarchy problem via a one-loop cancellation
between top and top partner Higgs mass contributions. This cancellation is not enforced at two-loop
order, necessitating a full solution to the hierarchy problem to become apparent in a UV completion at
scales of ∼ 5 − 10TeV [469–477]. In all known examples, these UV completions involve BSM states
carrying SM charges, allowing for direct production at a 100 TeV collider. This will not be our focus
here, but since the UV completion scale is connected to the degree of tuning in the theory, the ability of
a 100 TeV collider to probe the full theory is complementary to Higgs-related measurements.

5.6.3.2 Higgs coupling deviations

In the minimal Folded SUSY model, the electroweak and Higgs sectors are identical to the MSSM.
Realistically there is significant uncertainty as to the exact structure of the scalar sector: the MSSM itself
favors a light Higgs below 125 GeV, motivating extensions like non-decoupling D-terms [478], while
Folded SUSY needs some additional structure for viable electroweak symmetry breaking [479]. Even so,
the required features of FSUSY imply the existence of additional Higgs bosons, leading to measurable
Higgs coupling deviations if the decoupling limits is not satisfied. However, given that the naturalness
limits, which are similar to the SUSY case, discussed in Section 5.6.1, the deviations might potentially
be too small not only for LHC, but also for the future leptonic collider.

The electroweak charge of the top partners in FSUSY implies loop-corrections to Br(h → γγ),
which can be percent-level for top partner masses below 500 GeV [480]. This represents a significant
opportunity for lepton colliders [178], but the LHC or a 100 TeV collider is more likely to produce the
EW-charged top partners directly than to see deviations in the diphoton rate.

In all known Twin Higgs models, a soft mass which breaks the discrete symmetry between SM-
and mirror-Higgs has to be balanced against f , the vev of the mirror Higgs (or, more generally, the scale
at which the higher symmetry which protects the light Higgs from quadratically divergent corrections is
spontaneously broken) in order to achieve SM-like couplings of the 125 GeV Higgs to SM states. This
leads to a tree-level tuning in the model, which is of order v2/f2, which is also the size of the mixing
between the SM-like Higgs and the mirror Higgs. Therefore, in natural models where v2/f2 is not too
small, there are detectable universal Higgs coupling deviations of the same order due to this tree-level
mixing effect. These deviations can be detected at the percent-level at future lepton colliders [178],
which are the smoking gun of Twin Higgs theories. Such a deviation, if detected at lepton colliders,
would greatly motivate 100 TeV searches for additional signals of the Twin Higgs, such as SM-charged
multi-TeV states.

In principle, it is possible to imagine Neutral Naturalness scenarios from a bottom-up perspective
without measurable Higgs coupling deviations [293]. However, avoiding this smoking-gun-signature at
lepton colliders comes at the cost of larger couplings in the hidden sector, reducing the required scale
of the UV completion in the absence of strong tuning. The 100 TeV collider would then be able to
produce the states of the UV completion directly, assuming they carry SM charge. This is the strongest
demonstration of the important complementarity between the two types of possible future colliders.

5.6.3.3 Exotic Higgs decays

Exotic Higgs decays are one of the best-motivated signatures of Neutral Naturalness. As outlined above,
most theories of Neutral Naturalness feature a mirror-QCD gauge symmetry under which the top part-
ners are charged. The Higgs therefore couples to mirror-gluons via a top partner loop in analogy to its
coupling to SM-gluons through the top loop. This means the Higgs can decay to mirror gluons, and
therefore into light states in the mirror sector. The size of the exotic branching fraction is related to the
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top mass, and therefore to the naturalness of the theory itself, with less tuned scenarios giving higher
exotic decay rates. The specific phenomenology of these exotic Higgs decays depends on the structure
of the mirror QCD sector.

The mirror QCD sector could be SM-like, with quarks that are light compared to the confinement
scale. This would allow the Higgs to decay to hidden pions and other hadrons, making it a classical
Hidden Valley scenario [375, 461–463], realized for example by the original mirror Twin Higgs. If the
exotic Higgs decays proceed through Yukawa couplings comparable to yb ∼ 0.02, exotic branching
ratios could easily be as large as 10%, which is detectable at the LHC and future colliders even if the
decay products are detector-stable and hence invisible. On the other hand, if the decay proceeds through
a top loop to mirror gluons only, the exotic branching fraction is of order . 10−3 (see below). A high-
luminosity lepton collider like TLEP/FCC-ee [481] is sensitive to exotic Higgs decays with branching
fractions∼ 10−5 (10−3) if the decay products are very conspicuous with very little background (invisible
or inconspicuous with sizable backgrounds). Therefore, depending on the detailed final state, discovering
such a decay may be challenging even at lepton colliders.

In studying exotic Higgs decays, the clean environment of lepton colliders makes them superior
if the final states are not very distinctive, e.g. b̄b + MET or only MET. On the other hand, the huge
Higgs production rates make the LHC and the 100 TeV collider vastly superior to lepton colliders when
studying exotic Higgs decays with highly distinctive final states, allowing access to much lower branching
fractions. Few final states are more distinctive than long-lived particles that decay within the detector
with measurable displacement from the interaction point. Neutral Naturalness strongly motivates exotic
Higgs decays to displaced final states.

The simplest scenario is a mirror sector without any light matter charged under mirror QCD. This
is guaranteed in FSUSY, where LEP limits constrain the mass of the EW-charged mirror sector. It can
occur in Fraternal Twin Higgs scenarios, if the mirror b-quark is not too light. In that case, the mirror
hadrons are glueballs. There are ∼ 12 stable glueball states in pure SU(3) gauge theory [482], with
masses ranging from m0 ≈ 7ΛBQCD for the lightest G0 ≡ 0++ state, to ∼ 2.7m0 for the heaviest state.
In the presence of top partners much heavier than ΛBQCD, some of these states can decay via a top partner
loop to SM particles via an off-shell Higgs boson [483]. We concentrate on the 0++ state, since it has
one of the shortest lifetimes and, as the lightest glueball, presumably produced commonly by mirror-
hadronization.32 For m0 & 2mb (in the FTH case) and top partner mass mT , the decay length of G0 is
approximately

cτ ≈
( mT

400GeV

)4
(

20GeV

m0

)7

×
{

(35cm) [FSUSY]
(8.8cm) [FTH]

(87)

where we assume mT � mt/2 for FTH and degenerate unmixed stops for FSUSY. For natural theories,
these decay lengths are in the µm - km decay range. This leads to displaced signals at hadron colliders,
with some glueballs decaying dominantly to 3rd generation SM fermion pairs.

RG arguments favor masses for G0 in the ∼ 10− 60GeV range (though model-dependent effects
can easily shift that range) [299]. The same top partner loop which allows glueballs to decay also allows
the Higgs boson to decay to mirror gluons, which then hadronize to yield mirror glueballs, see Fig. 85.
The rate for inclusive production of mirror glueballs from exotic Higgs decays can be estimated by
rescaling Br(h→ gluons) ∼ 8% in the SM:

Br(h→ mirror glue) ≈ 10−3

(
400GeV

mT

)4

×
{

1 [FSUSY]
4 [FTH]

(88)

Non-perturbative or RG effects on the mirror QCD coupling can change this by an order 1 factor [299,
466]. The exclusive branching fraction to the unstable 0++ glueballs can be parameterized as the above

32Thermal estimates [484] suggest that roughly half of all produced glueballs are in the 0++ state, but given our ignorance
about pure-gauge hadronization, this estimate is highly uncertain.
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Fig. 85: Production of mirror hadrons in exotic Higgs decays, and their decay back to the SM, in the Fraternal
Twin Higgs model. Figure from [466].
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Fig. 86: Summary of discovery potential for the simplified model of Neutral Naturalness with light mirror glue-
balls at LHC14 and 100 TeV collider with 3000 fb−1, from looking for (i) one DV in the muon system (MS) and
one additional DV in either the MS or the inner tracker (IT), (ii) one DV at least 4 cm from beam line and VBF jets
(blue) and (iii) one DV with at least 50µm from beam line and a single lepton (orange). Assuming negligible back-
grounds and 10 events for discovery. See [299] for details. Note different scaling of vertical axes. For comparison,
the inclusive TLEP h → invisible limit, as applied to the perturbative prediction for Br(h → all glueballs), is
shown for future searches as well, which serves as a pessimistic estimate of TLEP sensitivity. Lighter and darker
shading correspond to the optimistic (pessimistic) estimates of exclusive 0++ yield, under the assumption that h
decays dominantly to two glueballs. Effect of glueball lifetime uncertainty is small and not shown. m0 is the mass
of the lightest glueball G0; the vertical axes correspond to mirror stop mass in FSUSY and mirror top mass in
FTH and Quirky Little Higgs. Vertical solid (dashed) lines show where κ might be enhanced (suppressed) due to
non-perturbative mixing effects [466].
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inclusive branching fraction multiplied by a nuisance factor κ which ranges from ∼ 0.1− 1 when there
is phase space available to produce heavier glueballs. This simple approach was used by the authors
of [299], who estimated the reach of various displaced searches at the LHC using ATLAS reconstruction
efficiencies for displaced vertices (DV). A very conservative estimate of 100 TeV reach was derived by
simply repeating the analysis for higher energy. Top partner mass reach, which is ∼ 1.5TeV for TH
top partners at the HL-LHC and ∼ 3TeV at the 100 TeV collider with 3ab−1 of luminosity, is shown in
Fig. 86 as a function of glueball mass. Light shading indicates estimated uncertainties due to unknown
details of mirror hadronization. Different search strategies are required to cover the entire range of
glueball masses and lifetimes, most importantly searches for single displaced vertices together with VBF
jets of leptons from Higgs production (see [299] for details, and [485] for other possibilities involving
displaced triggers). This sensitivity projection is highly conservative, since the exotic Higgs decay was
assumed to be 2-body, which underestimates the displaced vertex signal yield for light glueballs. Even
so, the reach is impressive and provides good coverage for the natural regime of these theories. It also
underlines that the detector of a 100 TeV collider needs to be able to reconstruct soft and displaced
objects stemming from Higgs decays to maximize its potential for new physics discoveries. The reach
could also be dramatically improved if a future detector could trigger on displaced decays, or indeed
operate without a trigger.

Another possible scenario is a mirror QCD sector containing only light mirror bottom quarks B.
This is one possible outcome of the Fraternal Twin Higgs (see [466] for a detailed discussion). If the
mirror bottom quark mass satisfies m0 . mB < mh/2, then the Higgs can decay to B̄B, which forms a
mirror bottomonium state and annihilates into mirror glueballs. This enhances the inclusive twin glueball
rate to

Br(h→ mirror glue) ≈ Br(h→ B̄B) ≈ 0.15
( mB

12GeV

)2
(

400GeV

mT

)4

, (mB < mh/2) . (89)

which can be as large as ∼ 10%.

Alternatively, in the FTH, exotic Higgs decays can produce long-lived mirror bottomonium states
if they are the lightest mirror hadrons. The rate is equal to that shown in Eq. (89). The bottomonium
spectrum also contains an unstable 0++ state that decays via the top partner loop. The lifetime of this
state is

Γχ→Y Y ∼ 2× 10−3

(
v

f

)4 m
11/3
χ m

10/3
0

v2mh(m2
h −m2

χ)2
Γh→Y Y (mh) , (90)

assuming there are no light twin neutrinos which could short-curcuit this decay mode. This leads to
similar phenomenology as the pure glueball scenario described above, however in this case the lifetime
can depend very differently on the 0++ mass, which motivates the search for relatively short decay
lengths ∼ 10µm even for unstable particle masses near 15 GeV.

Finally, it is important to point out that in all of the above scenarios, the lifetime can be shorter
than ∼ 10 µm (for very heavy glueballs with light top partners, or for bottomonia), which motivates
searches for non-displaced b-rich final states of exotic Higgs decays.

5.6.3.4 Direct production of top partners

The Higgs portal guarantees that neutral top partners can be produced at the 100 TeV colliders via an
intermediate off-shell Higgs boson. Measurement of the top partner masses or couplings via direct
production could serve as a powerful diagnostic of Neutral Naturalness to distinguish it from generic
Hidden Valleys, which can also lead to displaced exotic Higgs decays.

Let us first consider the FTH scenario. In that case, any produced top partner pair will quickly
mirror-beta-decay to mirror-bottoms, which then either decay to light glueballs or bottomonia, leading to
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displaced vertices in the detector. Higgs portal direct production, however, has a very low cross section,
making direct production measurements unfeasible at the LHC for top partners heavier than a few 100
GeV [486]. The 100 TeV collider with 3ab−1, on the other hand, will produce hundreds of top partner
pairs with potentially multiple displaced vertices, even if mT = 1TeV [293].

Top partner direct production is most spectacular for EW-charged partners, as for FSUSY. In that
case, DY-like pair production leads to large signal rates. Since there is no light mirror-QCD-charged
matter, the top partner pairs form a quirky bound state which de-excites via soft glueball and photon
emission [487–490] before annihilating dominantly into mirror gluon jets, which hadronize to mirror
glueballs [486]. This can lead to spectacular “emerging jet” [376] type signatures with many displaced
vertices for top partner masses in the TeV range at the LHC and multi-TeV range at the 100 TeV col-
lider. This has been recently studied in [486], which also addresses how to parameterize the unknown
hadronization of the pure-glue mirror sector. It is shown that exotic Higgs decays and direct top partner
pair production have complementary sensitivity to EW-charged partners in different regions of parameter
space. At a 100 TeV collider, the mass reach provided by both channels extends to several TeV or more.

The most challenging scenario is a scenario with neutral top partners but without mirror QCD.
In that case, top partner production proceeds through the Higgs portal but without producing displaced
vertices in the final state. This has been studied by [308, 316], which found that jj + MET searches for
VBF h∗ → T̄ T production was the most promising channel. Even so, the production rate is so low that
now meaningful bounds are derived at the LHC. A 100 TeV collider is necessary to achieve sensitivity
to top partner masses of a few 100 GeV, which is the naturally preferred range.

In all of the above cases, direct production of neutral top partners is complementary to direct
production of SM-charged BSM states at the 5-10 TeV scale, which are expected in the UV completion
of Neutral Naturalness theories. The latter was recently explored in [491], which found reach for masses
up to about 10 TeV. Both direct production measurements generally require a 100 TeV collider (especially
for the Twin Higgs) and would provide valuable information on the structure of the theory.

5.7 BSM Higgs Sectors
In this section we will overview the direct reach for the new BSM higgs states at 100 TeV machine. We
first review the two-Higgs doublet model (2HDM), which is relevant both as a standalone scenario and
as an integral part of SUSY, models that explain the neutrino mass, etc. There have been a variety of
studies studying the mass reach of a 100 TeV colliders to probe these new states by direct production.
Singlet extensions are another highly relevant scenario, which occur in models of Neutral Naturalness,
electroweak baryogenesis, and supersymmetry as the NMSSM and its derivatives, and we summarize
recent work on the reach of future colliders for these states. Of course, this exploration of possibilities
for BSM scalar sectors is not exhaustive, covering two of the most representative classes of scenarios.
Particular examples of higgs triplet models are studied in the context of generating the neutrino mass in
Section 5.5, and more work on general extensions at 100 TeV is needed.

5.7.1 Two-Higgs Doublet Models
5.7.1.1 Higgs couplings

Two-doublet models are one of the most common extensions of the SM Higgs sector and are naturally
realised in supersymmetry. Besides the ordinary Goldstones eaten by the gauge bosons, such models
describe two CP-even (h0 and H0), one CP-odd (A0) and one charged (H±) physical states. Let us
consider, for simplicity, the type-II structure that arises in supersymmetry.

The physical content of the models can be described in terms of two angles. The angle β, which
defines the direction of the Higgs vev in the plane of the two neutral CP-even current eigenstates (usually
denoted by H0

d and H0
u). And the angle α, which defines the direction of the lightest CP-even state (h0)

in the same plane. Following the usual convention for the definition of these angles, the directions of the
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Higgs vev and h0 coincide when β − α = π/2. In the literature, the condition that these two directions
coincide is usually referred to as alignment. When alignment holds, h0 behaves as the SM Higgs and the
orthogonal state does not participate in the process of EW breaking.

Present LHC measurements tell us that the observed Higgs boson is SM-like at the level of about
20–30% while the full LHC program will be able to make tests in the range between a few to 10%.
Assuming that no deviation is observed, it is a good starting point to take the Higgs as approximately
SM-like. This situation is automatically obtained in the limit in which we take all new states (H0, A0,
H±) much heavier than h0, which corresponds to mA → ∞ and which is usually referred to as the
decoupling limit.

Since the Higgs couplings can be written in terms of the angles α and β, we can easily obtain their
expression in the decoupling limit (mA →∞)

ghV V = sin(β − α) ≈ 1− 2 (1− t−2)2

t2 (1 + t−2)4

(
mZ

mA

)4

(91)

ghtt =
cosα

sinβ
≈ 1− 2 (1− t−2)

t2 (1 + t−2)2

(
mZ

mA

)2

(92)

ghbb = − sinα

cosβ
≈ 1 +

2 (1− t−2)

(1 + t−2)2

(
mZ

mA

)2

, (93)

where t ≡ tanβ and ghXX denote the couplings of the SM-like Higgs to weak gauge bosons (X = V ),
top (X = t), and bottom (X = b), in units of the corresponding SM couplings. Equations (91)–(93)
show explicitly how h behaves exactly as the SM Higgs in the decoupling limit. Note that the h coupling
to gauge bosons becomes SM-like very rapidly, since deviations scale as (mZ/mA)4. The convergence
becomes even more rapid for large tanβ, since deviations scale as 1/t2.

To summarise: decoupling implies alignment, since mA →∞ implies β − α → π/2. Moreover,
decoupling implies a special pattern of deviations from the SM predictions

δghV V ≈ 0.02%

(
10

t

)2(300 GeV

mA

)4

(94)

δghtt ≈ 0.2%

(
10

t

)2(300 GeV

mA

)2

(95)

δghbb ≈ 18%

(
300 GeV

mA

)2

. (96)

In the decoupling limit, the couplings of the heavy states are also simply determined. For instance,
for the heavy CP-even state H0, one finds

gHV V = cos(β − α) ≈ −2

t

(
mZ

mA

)2

, gHtt ≈ −
1

t
, gHbb ≈ t . (97)

This means that the coupling of a single heavy Higgs to gauge bosons vanishes in the decoupling limit.
Moreover, at large tanβ, the coupling to bottom quarks is enhanced. The production of heavy Higgses
is dominated by gg → H0/A0 via loops of top or bottom quarks, bb̄→ H0/A0, or associated production
with H0/A0 emitted from a top or bottom quark line.

If the observed Higgs boson is confirmed to be nearly SM-like, we must conclude that the
alignment condition is approximately satisfied. We have shown that decoupling implies alignment.
So one may now wonder: does alignment imply decoupling? The answer is no. In a general two-
Higgs doublet model it is possible to satisfy β − α ≈ π/2, while still keeping light the new Higgs
states [405, 407, 492, 493]. Although this cannot be achieved in the most minimal version of supersym-
metric models, alignment without decoupling can occur in supersymmetry with new singlet or triplet
states [494] or for extreme values of radiative corrections [406].
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As in the case of decoupling, also alignment without decoupling predicts a well-defined pattern of
Higgs couplings. Using ε ≡ cos(β − α) tanβ as expansion parameter, one finds

ghV V ≈ 1− ε2

2t2
, ghtt ≈ 1 +

ε

t2
, ghbb ≈ 1− ε , (98)

gHV V ≈
ε

t
, gHtt ≈ −

1

t
(1− ε) , gHbb ≈ t

(
1 +

ε

t2

)
. (99)

Comparing this result with Eqs. (91)–(93) and (97), one finds the same result as decoupling once we
identify ε → −2(mZ/mA)2. Yet, the two cases do not lead to the same phenomenological predictions,
since in alignment without decoupling ε can take either sign.

To summarise, there are two cases in which a two-Higgs doublet model can predict a nearly SM-
like Higgs boson, such that Higgs coupling measurements can be satisfied to an arbitrary degree of
precision. The two cases are decoupling and alignment without decoupling. Each case leads to a well-
defined pattern for the couplings of the light and heavy Higgses, which can be expressed in terms of two
parameters: mA and tanβ for decoupling, or cos(β − α) and tanβ for alignment without decoupling.
The important difference, from the phenomenological point of view, is that the new Higgs bosons must
be heavy for decoupling, but can be arbitrarily light for alignment without decoupling. Furthermore,
while standard decay channels of heavy Higgs bosons, like H/A → WW,ZZ, A → Zh, H → hh,
H± → Wh are important in the decoupling limit, they become strongly suppressed in the alignment
limit, where decays to SM fermions or photons become dominant [495]. This significantly affects the
strategy of direct searches, as discussed below.

5.7.1.2 Direct Searches for Heavy Higgs Bosons in 2HDM

At the 100 TeV pp collider the heavy Higgses of the 2HDM are dominantly produced via gluon fusion
gg → H0/A, with dominant top and bottom (for large tanβ) loops, as well as bbH0/A associated
production. ttH0/A associated production could be important as well. The dominant production process
for the charged Higgses is tbH± associated production. In Fig. 87 we show the production cross sections
forA,H0 andH± at 100 TeV pp collider in the Type II 2HDM with cos(β−α) = 0. For neutral Higgses,
gluon fusion production dominates at low tanβ while bbH0/A associated production dominates at large
tanβ. The tbH± production cross section gets enhanced at both small and large tanβ.

Comparing to the 14 TeV LHC, the production rates can be enhanced by about a factor of 30− 50
for gluon fusion and bb associated production, and about a factor of 90 for the charged Higgs for Higgs
mass of about 500 GeV, and even more for heavier Higgses, resulting in great discovery potential for
heavy Higgses at a 100 TeV pp colliders.

At the LHC, most of the current searches for non-SM neutral Higgs bosons focus on the conven-
tional Higgs search channels with aWW , ZZ, γγ, ττ and bb final state [501–507]. These decays modes
are characteristic to the 2HDM in the decoupling limit, where we in general do not expect big splittings
between the various heavy Higgses. Typically, the production rate of the extra Higgses is suppressed,
compared to that of the SM Higgs, either due to its larger mass or its suppressed couplings to the SM
particles. The decay of the heavy neutral Higgses to the WW and ZZ final states, which provided a
large sensitivity for SM Higgs searches, is absent for the CP-odd Higgs, and could be highly suppressed
for the non-SM like CP-even Higgs, especially in the alignment limit [495], in which case SM fermion
and photon final states become more important. The decay modes into ττ or bb suffer from either sup-
pressed branching fraction once the top pair mode opens up or large SM backgrounds, and are therefore
only relevant for regions of the parameter space with an enhanced bb or ττ coupling. If the non-SM
neutral Higgs is heavy enough, the decay mode into top pairs becomes important. However, when the
Higgs is produced in gluon fusion, such decay suffers from large tt background and a possible destruc-
tive interference with the SM background [495,508]. Direct searches for charged Higgs bosons are even
more difficult at the LHC. For mH± > mt, the cross section for the dominant production channel of
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Fig. 87: Dominant production cross sections for non-SM like Higgses in the Type II 2HDM at the 100 TeV pp

collider: NNLO cross section for gg → H0 or A (top left and top right panel, calculated using HIGLU [496]
with the NNPDF2.3 parton distribution functions [114]), NNLO cross section for bottom-associated production
bbH0/A (lower left panel, calculated using SusHi [397,497,498]. bbH0 and bbA cross sections are the same in the
alignment limit), NLO cross section for tbH± (lower right panel, calculated in Prospino [499, 500]).

tbH± is typically small. The dominant decay mode H± → tb is hard to identify given the large tt and
ttbb background, while the subdominant decay of H± → τν has suppressed branching fraction. In the
MSSM, even at the end of the LHC running, there is a “wedge region” [178] in the mA− tanβ plane for
tanβ ∼ 7 and mA & 300 GeV in which only a SM-like Higgs can be discovered at the LHC. Similarly,
the reach for the non-SM Higgses in other models with an extended Higgs sector is limited as well.

The situation is very different at a 100 TeV collider. Two recent studies [286, 509] estimated the
reach of Higgs production searches in the MSSM at 100 TeV, where the heavy bosons are produced in
association with and decay into SM fermions. The reach, shown in Fig. 88, is impressive. Heavy Higgs
masses up to 5-10 TeV will be probed with 3 ab−1 for all values of tanβ. This also shows that the the
wedge region could be covered by making use of new kinematic features of such signal events at a 100
TeV pp collider, in this case top tagging in the boosted region. At low tanβ, the greatest sensitivity to
neutral Higgs bosons is achieved with a same-sign dilepton search for Higgses produced in association
with one or two top quarks, which subsequently decay to t̄t. The associated production channel avoids
the difficult interference issues of a pp→ H0 → t̄t search.
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Fig. 88: 95% C.L. exclusion bounds for neutral (left panel, from [509]) and charged (right panel, from [286])
Higgses of the MSSM at a 100 TeV collider. The blue and orange regions are probed by the channels pp →
bbH0/A→ bbττ and pp→ bbH0/A→ bbtt for the neutral Higgses and pp→ tbH± → tbτν pp→ tbH± → tbtb

for the charged Higgses, respectively. The red region is probed by heavy Higgs production in association with one
or two top quarks, with subsequent decay to t̄t, yielding a same-sign dilepton signature. Given the same channel
or the same color, the two different opacities indicate the sensitivities w.r.t. a luminosity of 3 ab−1 and 30 ab−1 at
a 100 TeV pp collider, respectively. The cross-hatched and diagonally hatched regions are the predicted exclusion
contours for associated Higgs production at the LHC for 0.3 ab−1, and 3 ab−1, respectively.

Parent Higgs Decay Possible Final States Channels in 2HDM
HH type (bb/ττ/WW/ZZ/γγ)(bb/ττ/WW/ZZ/γγ) H0 → AA, h0h0

Neutral Higgs HZ type (``/qq/νν)(bb/ττ/WW/ZZ/γγ) H0 → AZ,A→ H0Z, h0Z
H0, A H+H− type (tb/τν/cs)(tb/τν/cs) H0 → H+H−

H±W∓ type (`ν/qq′)(tb/τν/cs) H0/A→ H±W∓

Charged Higgs HW± type (`ν/qq′)(bb/ττ/WW/ZZ/γγ) H± → h0W,H0W,AW

Table 44: Summary of exotic decay modes for non-SM Higgs bosons. For each type of exotic decays (second
column), we present possible final states (third column) and relevant channels in 2HDM. Note that H in column
two refers to any of the neutral Higgs, e.g. h0, H0 or A in 2HDM.

In addition to their decays to the SM particles, non-SM Higgses can decay via exotic modes, i.e.,
heavier Higgs decays into two light Higgses, or one light Higgs plus one SM gauge boson. Clearly this
happens in the case when the splitting between the various heavy higgses is not small. This can happen
in the alignment limit of the 2HDM without decoupling. As outlined above, this limit is less generic than
the decoupling limit, but still worth a detail study.

Five main exotic decay categories for Higgses of the 2HDM are shown in Table 44. Once these
decay modes are kinematically open, they typically dominate over the conventional decay channels.
Recent studies on exotic decays of heavy Higgs bosons can be found in Refs. [510–521].

Theoretical and experimental constraints restrict possible mass hierarchies in 2HDM. At high
Higgs mass and close to the alignment limit, unitarity imposes a relation between the soft Z2-breaking
term and the heavy CP-even neutral Higgs mass m2

12 = m2
H0sβcβ

33. In this limit, the decay branching
fraction H0 → h0h0, AA,H+H− vanishes and vacuum stability further requires the CP-even non-SM

33Note that this is automatically fulfilled in the MSSM.
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HiggsH0 to be the lightest non-SM like Higgs. In addition, electroweak precision measurements require
the charge Higgs mass to be close to either of the neutral non-SM Higgs masses. This leaves us with only
two possible mass hierarchies permitting exotic Higgs decays: mH0 ≈ mH+ < mA and mH0 < mA ≈
mH+ . At high Higgs masses, unitarity further requires the mass splitting between the non-SM Higgses to
be small and therefore imposes an upper bound on the Higgs mass permitting exotic Higgs decays around
mH ∼ 1.5−2 TeV. These restrictions can be significantly relaxed at lower Higgs mass, allowing a larger
spectrum of mass hierarchies including those permitting the decays H0 → AA,H+H−. Considering
the limited reach of the LHC around the “wedge region”, extotic Higgs decay channels in the low Higgs
mass region,mH0 <∼ 500 GeV, might still provide discovery potential at a 100 TeV pp collider. In Fig. 89
we show the branching fraction of non-SM Higgs bosons in Type II 2HDM for sin(β − α) = 1 and a
mass hierarchy containing a 1 TeV parent Higgs and a 850 GeV daughter Higgs.
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Fig. 89: Branching fractions for A (left and center panel) and H+ (right panel) in the Type II 2HDM with sin(β−
α) = 1 and m2

12 = m2
H0sβcβ . We show the two allowed mass hierarchies mH0 = mH+ < mA (left panel) and

mH0 < mA = mH+ (center and right panel). The parent and daughter Higgs masses are chosen to be 1 TeV
and 850 GeV, respectively. Dashed curves are the branching fractions when exotic decay modes are kinematically
forbidden. All decay branching fractions are calculated using the program 2HDMC [522].

Note that most of the current experimental searches for the non-SM Higgs assume the absence of
exotic decay modes. Once there are light Higgs states such that these exotic modes are kinematically
open, the current search bounds can be greatly relaxed given the suppressed decay branching fractions
into SM final states [511, 513, 515]. Furthermore, exotic Higgs decays to final states with two light
Higgses or one Higgs plus one SM gauge boson provide complementary search channels. Here, we list
such exotic Higgs decays and consider potential search strategies.

– H0 → AA or H0 → h0h0

With the final state Higgs decaying via bb, γγ, ττ , WW ∗, final states of bbbb, bbττ , bbγγ and γγWW ∗

can be used to search for resonant Higgs decay to two light neutral Higgses. Current searches at the LHC
8 TeV with about 20 fb−1 luminosity gave observed limits of 2.1 pb at 260 GeV and about 0.018 pb at
1000 GeV [523]. While bbγγ and bbττ have comparable sensitivities at low mass, bbbb mode dominates
at high mass.

– H0 → AZ or A→ H0Z

With Z → `` and H0/A → bb, ττ , the final states of bb``, ττ`` can be obtained with gluon fusion
production, or in the bb associated production with two additional b jets [510–512]. Recent searches
from ATLAS and CMS have shown certain sensitivity in this channel [524–527]. In parameter regions
where Br(A → H0Z) × Br(H0 → ZZ) is not completely suppressed, ZZZ final states with two Z
decaying leptonically and one Z decaying hadronically can also be useful [511]. Other channels with
top final states could be explored as well.
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Note that the decay A→ ZH0 has been identified as a particular signature of a SFOEWPT in the
2HDM [317]. As discussed below, the prospects for observing this channel in the ``bb̄ and ``W+W−

model have been analyzed in Ref. [318].

– H0 → H+H−

With both H± decaying via τν final states, the signal of ττνν can be separated from the SM W+W−

background since the charged tau decay product in the signal typically has a hard spectrum compared to
that of the background [515].

– H0/A→ H±W∓

Similar to the H+H− case, H± → τν, tb and W → `ν with `τνν̄ or tb`ν could be used to search
for H0/A→ H±W∓. Note that for the CP-even Higgs H0, the branching fraction of H0 → H±W∓ is
mostly suppressed comparing to H0 → H+H− as long as the latter process is kinematically open and
not accidentally suppressed [515]. However, for the CP-odd Higgs A, this is the only decay channel with
a charged Higgs in the decay products.

– H± → H0W,AW

This is the only exotic decay channel for the charged Higgs in the 2HDM. Given the associated produc-
tion of tbH±, and the decay of H0, A into the bb or ττ channel, ττbbWW or bbbbWW can be used
to probe this channel [513]. H0/A → tt̄ could also be used given the boosted top in the high energy
environment.

Note that while H± → WZ is absent in 2HDM type extension of the SM Higgs sector, it could
appear, however, in the real triplet models extension of the SM once the triplet obtains a vev [342].

5.7.2 Singlet Extensions of the Higgs Sector34

The simplest example of an extended Higgs sector consists in the addition of a real scalar field, sin-
glet under all the gauge groups, to the SM. Despite its great simplicity, this scenario arises in many of
the most natural extensions of the SM – e.g. the Next-to-Minimal Supersymmetric SM (NMSSM, see
Section 5.7.2.1), Twin Higgs (see Section 5.7.2.2), some Composite Higgs models – and is therefore of
considerable physical interest.

In general, a CP-even scalar singlet will mix with the Higgs boson at a renormalizable level. As
a consequence, both physical scalar states can be produced at colliders through their couplings to SM
particles, and be observed by means of their visible decays.

Let us denote by h and φ the physical mass eigenstates, and by γ the mixing angle. In a weakly
interacting theory, the couplings of h and φ are just the ones of a SM Higgs, rescaled by a universal
factor of cos γ or sin γ, respectively. Hence, assuming no invisible decays, the signal strengths µh,φ into
SM particles are

µh = µSM(mh)× c2
γ , (100)

µφ→V V,ff = µSM(mφ)× s2
γ × (1− BRφ→hh) , (101)

µφ→hh = σSM(mφ)× s2
γ × BRφ→hh, (102)

where µSM(m) is the corresponding signal strength of a standard Higgs with mass m, and BRφ→hh is
the branching ratio of φ into two Higgses – an independent parameter at this level. The phenomenology

34Contribution by Dario Buttazzo, Filippo Sala and Andrea Tesi
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Fig. 90: Reach of direct searches for generic singlet extensions of the SM in the mφ–Mhh plane, see Eq. (103).
The singlet vev is vs = 250 GeV (left) and vs = −75 GeV (right). Searches using the V V and hh final state are
shown in red and purple. The solid colored regions are excluded at 95% CL by the 8 TeV LHC. Lines represent
the expected bounds for FCC-hh (dotted), high-luminosity LHC (dashed), and high-energy LHC (dot-dashed), all
with a luminosity of 3 ab−1. Taken from Ref. [528].

of the Higgs sector is therefore completely described by three parameters: mφ, sγ , and BRφ→hh. The
second state φ behaves like a heavy SM Higgs boson, with reduced couplings and an additional decay
width into hh.

The mixing angle γ and mφ are not independent quantities, but are related via

sin2 γ =
M2
hh −m2

h

m2
φ −m2

h

, (103)

where M2
hh ∝ v2 is the first diagonal entry of the Higgs squared mass matrix, in the gauge eigenstate

basis. In the following we will often useMhh as a parameter, instead of γ, to avoid considering unnatural
regions of the parameter space with high mass and large mixing angle.

Given the singlet nature of φ, its main decay channels are into pairs of W , Z, and Higgs bosons.
In the large-mφ limit, the equivalence theorem implies that

BRφ→hh = BRφ→ZZ =
1

2
BRφ→WW . (104)

The leading corrections to this relation35 for finite masses depend only on the vacuum expectation value
of the singlet, vs [528]. Therefore, to a good approximation mφ, Mhh, and vs constitute a set of inde-
pendent parameters that describe the phenomenology.

The FCC reach for a generic resonance in these channels has been discussed in Ref. [528], where
it has been obtained through a parton luminosity rescaling from the 8 TeV LHC results [448]. Figure 90
shows the combined reach from all the V V final states, compared with the one in the hh channel from
the 4b final state, again for two different values of vs. The reach of the high-luminosity (14 TeV, 3 ab−1)
and high-energy (33 TeV, 3 ab−1) upgrades of the LHC are also shown for comparison. It can be seen

35The exact expressions for the triple couplings gφhh and ghhh depend on the details of the scalar potential, and can be found
in ref. [528].
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that the V V searches are always dominant at FCC. Moreover, the detection of a hh resonance in the
multi-TeV range is possible only for values of vs related also to very large modifications (a factor of two
or even larger) in the triple Higgs coupling ghhh. Moderate to large deviations in such a coupling are a
generic prediction of a singlet mixed with the Higgs, contrarily for example to the case of 2HDM, and
the very high energy of the FCC-hh appear to provide a unique opportunity to test this possibility.

Finally, Fig. 91 compares the reach of direct and indirect searches, for fixed BRφ→hh = 0.25, and
for two regions relevant for the LHC and for FCC, respectively. The deviation in Higgs signal strengths,
shown as colored isolines, are proportional to s2

γ . Given the universal rescaling of all the couplings, the
power of Higgs coupling measurements in the singlet case is rather limited, as compared e.g. to a 2HDM
(see Section 5.7.1). It is interesting to note that direct searches at FCC-hh are more powerful than indirect
measurements at FCC-ee for resonance masses below about 1 TeV.

The results of the simple scenario presented in this Section apply in general to any singlet scalar,
and can easily be applied to more concrete cases, as we discuss below for the NMSSM and the Twin
Higgs.

5.7.2.1 NMSSM

The NMSSM constitutes a particularly interesting physics case for several reasons. In particular, since
the extra Higgs bosons could be the first new degrees of freedom to be detected, it is important to quantify
the reach of LHC and future colliders for scalar states in this scenario.

The NMSSM consists in the MSSM with the addition of an extra gauge singlet S, so that the
superpotential reads

WNMSSM = WMSSM + λSHuHd + V (S), (105)

where V is a polynomial up to order three in the new field S. This addition is relevant form the point of
view of naturalness for large enough λ, since the different dependence of the weak scale v in the high
energy parameters allows, for a given amount of tuning, to raise the stop and gluino masses by a factor
∼ λ/g with respect to the MSSM. The Higgs mass value mh is also less constraining in the NMSSM
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than in the MSSM, thanks to the extra SUSY-preserving contribution of the form sin2 2β λ v2/2. The
drawback of this last feature is that, for a too large λ, a tuning is reintroduced to lower the Higgs mass
to 125 GeV. These considerations have been made precise in the analysis of Ref. [529], that identified
λ ∼ 1 as a region of minimal tuning, capable of accommodating stops and gluinos as heavy as 1.2 and
2.5 TeV respectively. The loss of perturbativity before the GUT scale, implied by a value of λ & 0.75, is
avoidable without spoiling unification, see e.g. the model proposed in [530] and references therein.

The Higgs sector of the NMSSM consists of six particles: three CP-even ones, h, H and φ, two
CP-odd ones A and As, and a charged state H±. We mostly concentrate on the CP-even ones, and
identify h with the 125 GeV state discovered at the LHC, H with the mostly doublet mass eigenstate,
and φ with the mostly singlet one. Three mixing angles, to be called δ, γ, and σ, control the rotation
between the mass eigenstates and the gauge eigenstates where one doublet takes all the vev.

It has been shown in Ref. [530] that the phenomenology of the three CP-even states, with the
exception of the trilinear couplings among the Higgses, can be described in terms of only six parameters,
which we find convenient to choose as:

m2
φ, m2

H , m2
H± , tanβ, λ, ∆2, (106)

where with ∆2 we denote all the radiative contributions to the Higgs mass, which sums up the contribu-
tions from the rest of the superpartner spectrum.36 Radiative corrections to other elements of the scalar
mass matrix are assumed to be small. The mixings angles can be expressed in terms of the parameters in
(106), see Refs. [530, 531] for the full analytical formulae.

Deviations in the Higgs couplings,

ghūu
gSM
hūu

= cγ(cδ +
sδ

tanβ
),

ghd̄d
gSM
hd̄d

= cγ(cδ − sδ tanβ),
ghV V
gSM
hV V

= cγcδ , (107)

(where sθ, cθ = sin θ, cos θ) constrain only the two mixing angles δ and γ that involve h. While a fit to
the Higgs couplings leaves space for a sizable mixing γ, at the level of sin γ ∼ 0.45, it leaves little space
for two mixed doublets. Perhaps more important than that, the LHC14 with 300 fb−1 is not expected to
probe substantially the h-S mixing γ, while the opposite is true for δ, which will be constrained to the
few percent level [531].

Since the purpose of this document is to set a general strategy for searching for BSM Higgses, for
convenience we now summarize the phenomenology in two limiting cases, identified by their relevant
degrees of freedom37.

� h and a singlet-like state φ in the low-energy spectrum, with H decoupled and δ = 0. The generic
parameter Mhh of Section 5.7.2 is now identified with the upper bound on the Higgs boson mass

M2
hh = c2

2βm
2
Z + s2

2βλ
2v2/2 + ∆2, (108)

and the total number of free parameters decreases from six to four, mφ, λ, tanβ and ∆. Since ∆
has little impact on the phenomenology of the model (unless it is very large), it is convenient to fix
it to some reference value, typical of stops in the TeV range.
� h and a second doublet H in the low-energy spectrum, with φ decoupled and γ = 0. The Higgs

sector now realizes a particular type-II 2HDM. Here the total number of free parameters is three,
mH , tanβ and ∆, and also the charged scalar H± is predicted with a mass close to that of the
CP-even one H . The MSSM is a particular realization of this case, where λ = 0 and ∆ is fixed to
reproduce the correct value of the Higgs mass. However, for generic values of ∆, λ 6= 0 and the
realized 2HDM will be different from the MSSM.

36We will choose values representative of TeV-scale stops, but the phenomenology does not sensitively depend on ∆2 unless
the value is much larger than what we assume.

37For a discussion with the same logic and more details, we refer the reader to the short review [532].
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CL exclusions from Higgs signal strengths (pink) and direct searches for φ→ SM (red) at LHC8. Lines: contours
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3 ab−1 (dotted). Grey: unphysical regions. BRφ→hh fixed to its asymptotic value 1/4. Left: ∆ = 70 GeV and
λ = 1.2; right: ∆ = 80 GeV and λ = 0.7. Taken from Ref. [528].

Let us summarize the phenomenology of these two cases. In the h-singlet mixing scenario, Higgs
coupling measurements will leave much of the parameter space unexplored, unless a per-mille precision
is reached, as expected at the FCC-ee (or CEPC). Direct searches for the extra Higgs is therefore the
most powerful probe of the Higgs sector in this case. The impact of current and future searches is shown
in Fig. 92, for the values of λ = 1.2 and 0.7, respectively. For simplicity we have fixed BR(φ→ hh) to
its asymptotic value of 1/4 , a case where V V searches dominate over hh ones38. From Fig. 92 one reads
that direct searches are expected to dominate the reach in the parameter space of the model. At a 100 TeV
pp collider they will be complementary with Higgs coupling measurements of a leptonic collider like the
FCC-ee or the CEPC. No matter how we look for BSM in the Higgs sector, the region of smaller λ will
be more difficult to probe than that of a larger one, giving more importance to other SUSY searches
(like stop and gluino ones). In each scenario, singlet scalar masses in excess of a TeV can be probed,
depending on the value of tanβ.

We now move to the second case, where the relevant degrees of freedom are h and the doublet-
like state H . This scenario is best probed via measurements of the Higgs signal strengths into SM
particles, as evident from Fig. 93. A region of “alignment without decoupling” of the state H survives
for λ ' 0.65 and tanβ ' 2.5, corresponding to a zero of the mixing angle δ. That region – which is
already constrained by the bounds on mH± coming from flavour measurements like BR(B → Xsγ) –
needs direct searches for the new states in order to be probed. The discussion follows that of two Higgs
doublet models of Section 5.7.1. We recall here the main features for convenience, following the recent
study of Ref. [495]: exact alignment δ = 0 implies BRH→hh = BRH→V V = BRA→Zh = BRH±→W±h
= 0, but contrary to the h-φ singlet case some couplings to SM fermions survive, allowing to probe the
existence of H in resonant searches in tt̄, bb̄, `+`− and γγ. For larger values of mH , the tt̄ channel
opens and dominates the branching ratio. The 100 TeV studies of heavy Higgs production in association

38“Small” values of vs can make resonant di-Higgs production more important, a case which we do not discuss here.
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(green) and sin2 γ = 0.15 (grey) from the LHC run 1, and projection for LHC14 (dashed, γ = 0). Taken from
Ref. [533].

with SM fermions [286, 509] indicates that 5-10 TeV masses can be probed, which likely applies to this
NMSSM scenario as well, see Fig. 88.

Going back to a fully mixed situation, where all the states h, H and φ are kept in the spectrum,
demands to work with more parameters. Numerical scans are usually employed for this purpose, and they
allow to interconnect the phenomenology of the Higgs scalar sector with that of other SUSY particles.
We do not explore this case further, and refer the reader to the recent studies [534, 535] for a discussion.
Also, in case some signal is observed, it will be important to explain it in a fully mixed situation. For
this purpose, analytical relations such as the ones presented in Refs. [530, 531] would provide a useful
guidance.

Finally, we mention that the case of an extra Higgs lighter than 125 GeV is motivated and still
partially unexplored. This is true especially for a singlet like state φ, since flavour bounds on mH± pose
serious challenges to having mH < 125 GeV.

5.7.2.2 Twin Higgs

Another motivated scenario where we expect a scalar singlet at accessible energies is the Twin Higgs
model (TH). As discussed in Section 5.6.3, the TH is a well-motivated solution to the Hierarchy problem
with uncolored top partners and many possible discovery channels. Here we discuss how the extended
Higgs sector may be directly probed.

Amongst the twin states the mirror Higgs, which is a SM singlet, can be singly produced via its
mixing with the SM Higgs, and accessible at present and future colliders. In order to describe the main
phenomenology, we focus on the linearised TH model [466], where the scalar potential consists of only
two degrees of freedom, the 125 GeV Higgs and the mirror Higgs σ. Notice that the presence of this
extra singlet is a feature of any TH construction, and therefore it constitutes a natural signature. Using

155

CHAPTER 2: HIGGS AND EW SYMMETRY BREAKING STUDIES

409



the label A for our SM sector and B for the twin sector, we have

V (HA, HB) = κ
(
|HA|4 + |HB|4

)
+m2

(
|HA|2 − |HB|2

)
+ λ∗

(
|HA|2 + |HB|2 −

f2
0

2

)2
. (109)

The first term in the potential breaks the SU(4) global symmetry but leaves Z2 intact, the second term
softly breaks Z2 as needed to achieve a separation between the two VEVs. The last one parametrises a
spontaneous symmetry breaking SU(4)/SU(3). It is a combination of the spontaneous symmetry breaking
and the soft breaking of the Z2 symmetry that realises the TH mechanism.

From a phenomenological point of view, the relevant parameters are λ∗ and f0, where the size of
λ∗ is required to be small, or the mirror Higgs will get a mass (mσ ∼

√
λ∗f0) of the order of the cut-off

of the model invalidating our phenomenological picture. The particle σ is often called the radial-mode
of the corresponding symmetry breaking pattern.

The two Higgs doublets HA and HB are charged under the SM and twin weak interactions, re-
spectively. Therefore, in the unitary gauge, six Goldstone bosons are eaten by the gauge bosons of the
two sectors, leaving only two scalar degrees of freedom the SM Higgs, h, and σ. In the interaction basis
they have a mass mixing. Trading two of the four parameters for the electro-weak VEV and Higgs mass,
one can compute the mixing parameter between the two states

sin2 γ =
v2

f2
− m2

h

m2
σ −m2

h

(
1− 2

v2

f2

)
, (110)

where mh and mσ are the physical masses, while in terms of the parameters in Eq. (109), v2 =
κλ∗ f20−(κ+2λ∗)m2

κ(κ+2λ∗)
, f2 = f2

0
2λ∗

2λ∗+κ
.

This is very similar to the spectrum of a simple singlet-extension of the SM, given that the mixing
angle enters the σ signal strengths, and it also controls the leading and model independent contributions
to the electro-weak S and T parameters. Differently from the NMSSM or other weakly coupled exten-
sions, however, in this case the mixing angle does not vanish in the large-mσ regime, but it approaches a
constant proportional to v2/f2. This is reminiscent of the pNGB nature of the Higgs in the Twin Higgs
model. This simple scenario can be meaningfully constrained by means of indirect and direct measure-
ment. While precision Higgs measurements are only sensitive to sin γ in (110), the direct searches of σ
depend also on the branching ratios in its possible decay channels.

We now discuss direct searches for the radial mode σ. Through the mixing (110), σ inherits all
the decay mode of a SM Higgs with mass mσ. However, σ has model independent couplings to the twin
electro-weak gauge bosons. We expect σ to have a mass that scales with the parameter f , therefore in
the O(500 − 1000 GeV) range, where all the decay channels are practically open. It mostly decays to
vector bosons of the SM and twin sector, the latter contribute to the invisible decay width. In the large
mass limit, the branching ratios of σ are fixed by the equivalence theorem to be

BRtwin−V V '
3

7
, BRhh ' BRZZ '

1

2
BRWW '

1

7
. (111)

The above equation has two immediate consequences: i) the dominant decay channel is diboson (includ-
ing double Higgs), as expected for an electro-weak singlet in the TeV region; ii) the additional invisible
decay channel to twin dibosons dilutes the branching fractions for the visible channels, and contributes
to the widening of the width (especially in the large mass limit). i) and ii), together with the scaling
of mσ, then suggest that the largest impact of direct searches is expected for weakly coupled scenarios,
with mσ ∼ f , in a region of moderate f .

These considerations are reflected in Fig. 94, where, in the plane of the only two free parameters,
(f,mσ), we show the impact of Higgs coupling determination and recast of direct searches in the diboson
channel. For reference, we fix the invisible branching ratio to its asymptotic value of 3/7. As expected,
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Fig. 94: Parameter space of the scalar singlet in Twin Higgs scenarios in the plane of the mass of the radial mode
mσ and the mirror Higgs vev f . Pink lines: contours of s2

γ . A lepton collider like ILC250 (TLEP) will likely
be able to exclude s2

γ at the 0.05 (0.008) level [178, 481]. Red lines: expected reach of the LHC13 (continuous
thin), LHC14 (continuous), HL-LHC (dashed), HE-LHC (dot-dashed), and FCC-hh with 3 ab−1 (dotted). Shaded
regions: excluded at 95% C.L. by direct searches (red), excluded by Higgs couplings (pink), Γσ > mσ (blue),
unphysical parameters (grey). BRφ→hh fixed to its asymptotic value 3/7 for reference. Figure taken from Ref.
[528].

direct searches will provide a strong probe of the scenario considered formσ ∼ f , while for much higher
values indirect constraints are expected to dominate39. This is an important example of complementarity
between proposed future lepton and hadron colliders, which together will be able to probe the natural
Twin Higgs parameter space with TeV-scale mirror Higgs vevs and masses.

39In this Twin Higgs model, the trilinear Higgs coupling ghhh is fixed in terms of mσ and f , and does not substantially
deviate from its SM value.
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Abstract
This Chapter summarises the physics opportunities in the search and study of
physics beyond the Standard Model at the 100 TeV pp collider.

1 Introduction
Experimental measurements at a 100 TeV collider would cover previously unexplored territory at ener-
gies never before reached in a laboratory environment. Standard Model calculations will enable precise
predictions for the phenomenology of the known particles and forces in this new frontier. The compar-
ison of observations against predictions will allow for the structure of the Standard Model to be tested
at unprecedented energies and with unparalleled precision. If observations and predictions agree within
estimated uncertainties then this would provide a stunning confirmation of our present understanding of
nature. If, on the other hand, observations do not agree with theoretical predictions this would mark a
breakdown of the Standard Model of particle physics and the rise of new physical processes. In this way,
amongst its many roles, a 100 TeV collider may discover new laws of nature.

In its significance for our understanding of nature, the discovery of new physics at the energies
accessible to a 100 TeV collider would be unrivaled, but it would not necessarily be unheralded. There
are a number of reasons to believe that a new physical description of nature beyond the Standard Model
may be required at these energies. In this section we will summarise the landscape beyond the Standard
Model accessible to a 100 TeV collider.

At the deepest level, one may discover new symmetries of spacetime at 100 TeV, for which a
leading candidate is supersymmetry. Supersymmetry as a new high energy symmetry of spacetime is
theoretically motivated from a number of perspectives, covering dark matter, unification of the forces, and
the electroweak hierarchy problem. In Section 2 we will summarise these motivations in detail. Section 2
will then go on to systematically consider the rich phenomenology of the various new particles predicted
in supersymmetric theories, with an aim to connect this phenomenology with concrete supersymmetric
scenarios to provide a clear context for the interpretation of measurements.

One hint of new physical effects that may be unearthed at a new energy scale come from presence
of dark matter. It is now well established that dark matter is prevalent throughout the universe. To explain
its large abundance, many different mechanisms of new effects beyond the Standard Model have been
proposed. This spectra of models extend form supersymmetric models to other exotic models that go
beyond the basic precepts of supersymmetry. A remarkable aspect of dark matter models is that with
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a loose set of assumptions, many of these models give concrete predictions of the current dark matter
abundance originating from the early universe. In many cases, coverage of the allowed parameter space
can be obtained with a 100 TeV machine. In Section 3, we review the different classes of dark matter
models and the characteristic searches both at a hadronic collider and beyond that drive the sensitivity to
these models.

In Section 4 we will discuss the reach for a future 100 TeV collider on a variety of new physics
signatures that are not typical of supersymmetric and Dark Matter models. Most of these signatures
originate from the decay of heavy resonances to Standard Model particles, but also indirect probes of
new physics based on the measurement of the production of Standard Model particles at high invariant
masses will be discussed. To make quantitative the assessment of the 100 TeV collider reach for these
signatures, different benchmark models will be considered, related to some of the main issues of the
SM, among which the hierarchy problem and the origin of neutrino masses. The list of studies that
we present are at a very preliminary level and the list itself is far from being complete. However, they
constitute a solid starting point that allows to identify the main experimental issues associated to the
different signatures and that are essential for the design of the future facilities, i.e. both the collider and
the detectors.

It is clear that the exploration of physics beyond the Standard Model using proton-proton collisions
with a center-of-mass energy of 100 TeV bears unprecedented challenges. Energy ranges with dynamic
scales ranging from the sub GeV to 10s of TeV become a necessity to maximize the capability demanded
to study different physical effects. High instantaneous luminosity will require exquisite techniques to
mitigate pileup. Such techniques include standard techniques at the LHC such as charged particle ver-
texing studies, but also more advanced approaches such as neutral vertex association through fast timing
or with hadron fragmentation structure [1–3]. In order to contain the highest pT jets (of tens of TeV)
fully in the hadronic calorimeter a depth of at least 12 nuclear interaction lengths (λI ) is necessary.

To identify highly boosted hadronically decaying top quarks, W , Z and H bosons with transverse
momenta in the multi-TeV range a very fine hadronic calorimeter lateral segmentation in η × φ of at
least 0.025× 0.025 is needed. This allows for the measurement of the boson jet substructure. Even this
segmentation might limit the identification or these objects for the highest accessible pT objects. Tracker
or tracker+ECAL based jet substructure methods might offer a solution [4–6]. However, the increasing
presence of long-lived neutral hadrons at higher pT represents a difficult challenge in jet substructure that
may have limitations [7]. This will also affect the capability to measure the polarisation of these objects.

Reconstructing leptonic decays of the top quark and W , Z and H bosons will be limited in the
highly boosted regime: the small opening angles, e.g. between the lepton and the b-jet in a t → W (→
`ν)b decay result in non-isolated leptons which are very hard to distinguish from e.g. a lepton from a
b-hadron decay.

Another challenge is the momentum resolution for multi-TeV muons. The size of the ATLAS
detector [8], for instance, is driven by the size of the muon system with the goal to measure the transverse
momentum of muons with pT = 1 TeV with a 10% uncertainty, resulting in a diameter of ATLAS of
about 25 m. Scaling this up to muons of pT = 10 TeV with a similar resolution pushes the size of the
detector and of the magnetic field to unfeasible dimensions, and alternative strategies are needed and are
currently under study.

The tracking system will also be challenged to efficiently reconstruct multi-TeV objects. Identi-
fication of b jets or τ leptons with a pT well above 1 TeV is largely unexplored, even at the LHC. The
b-tagging performance of the current ATLAS and CMS detector deteriorate dramatically in the pT range
between a few hundred GeV and 1 TeV. The τ lepton identification and the decay components of the
tau suffer from similar limitations of resolution in the tracker and calorimeters in the highly boosted
regime. More generally, the high boost of Standard Model particles results in very collimated objects
and makes high demands on tracking capabilities in very dense environments. Charge particle angular
separation can currently go to a level roughly 0.01× 0.01 in η× φ, which has an impact for b-quark jets
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at roughly 1 TeV. Perserving consistent performance for a 100 TeV detector would require separation in
part of the detector at angles roughly 10 times smaller.

Even as much of the discussion of the beyond the Standard Model (BSM) physics potential of a
100 TeV collider focuses on the high-pT regime, reconstruction of low-pT and displaced objects will
also be critical to discover many new physics scenarios. BSM models with weak couplings or com-
pressed mass spectra may lead to low-pT final states. Such events may only be distinguished above
backgrounds by tagging soft or displaced decay products, such as soft leptons, kinked or disappearing
tracks, highly-displaced vertices, or even measuring the charged particle dE/dx. Tracking and calorime-
try must therefore be hermetic for prompt, high-pT objects in addition to soft and/or displaced objects.

In addition to the challenges of resolving high pT objects, data rates and detector readout will have
to be sufficiently fast to correspond with the high collision rate. The high collision rates and demands
for high granularity will significantly increase the data rate coming out of the detector. Triggering of
both low energy anomalous objects, such as disappearing tracks, and high pT objects demands more
sophisticated high data volume readouts and high speed pattern recognition, especially under the onset
of pileup.

While the design of a new detector poses interesting and difficult problems, many of the technolo-
gies currently being investigated for HL-LHC already go in the detection of improving the granularity
and data rate of the detectors. Additionally, much of the interesting BSM physics requires high pT objects,
for which the demands on basic calorimetric resolution, tracking performance for simple objects such as
quark or gluon jets or missing transverse energy can be met with existing technologies. Nevertheless, a
clear need for more information is present.

All the BSM physics benchmarks discussed in this section are used to identify the most relevant
features needed by the new detectors. This should lead to a compromise between the feasibility of
the desired detector and the coverage of the largest possible spectrum of new physics signatures. A
realistic fast simulation of different detector configurations and a close collaboration between theorists
and experimentalists is crucial in this phase of the study to assess the limitations and to study solutions
for them.
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2 Supersymmetry
2.1 Introduction
As the detailed theoretical study of quantum field theory progressed in the 1970’s it slowly emerged, in
various respects, that a new symmetry of spacetime was possible. Under the known spacetime symme-
tries the fields we observe, such as scalars (spin-0), fermions (spin-1/2), and vectors (spin-1), all form
different representations of the Lorentz group and they transform under the known spacetime symme-
tries in their own way, independently. However, it was realised that under the new hypothetical space-
time symmetry these different representations may themselves transform into one another and would
together be combined into a larger representation of a larger symmetry, a supersymmetry [9, 10]. These
larger representations are called superfields, since they contain multiple component fields. Perhaps the
most economical superfield, known as a chiral superfield, contains a complex scalar boson and a Weyl
fermion. Supersymmetry imposes specific relations between the interactions and masses of these com-
ponent fields. If gravitational interactions are to respect this symmetry, which they must if the symmetry
is realised at a fundamental level, then the supersymmetry manifests as a gravitational theory, known as
supergravity [11,12]. This theory contains, in addition to the spin-2 graviton, a spin-3/2 partner fermion
known as the gravitino which again has interactions purely dictated by the supersymmetry.

What would the discovery of supersymmetry mean for our understanding of nature? It would be
nothing short of the discovery of an entirely new spacetime symmetry. The discovery of any symmetry
signifies a fundamental shift in our perspective on fundamental physics and such discoveries are rare.
Examples include the early U(1)EM symmetry of electromagnetism, the SU(3)C symmetry of QCD
and more recently the embedding of electromagnetism into the full U(1)Y × SU(2)W symmetry of the
electroweak sector, of which the W and Z bosons are the additional force carriers and the Higgs serves
as the final cornerstone in the theory. However, the last time a new spacetime symmetry was discovered
harks back to the work of Einstein and the discovery of the diffeomorphism invariance of the laws of
physics. The discovery of supersymmetry would thus mark a monumental shift in how we perceive
nature at its most fundamental level.

If supersymmetry is realised in nature, how could we tell? As already stated, in supersymmetry
every field is inextricably tied to its superpartner. This means that if supersymmetry were an exact sym-
metry of nature every particle we know would have a superpartner: every boson would have a fermion
partner, with the suffix ‘ino’, every fermion a boson partner, with the prefix ‘s’. Thus the Higgs boson
would have a fermion ‘Higgsino’ partner, the photon a ‘photino’, and the gluon a ‘gluino’. The elec-
tron would have a scalar ‘selectron’ partner, the top quark a ‘stop squark’ partner and so forth. Exact
supersymmetry would require that all superpartners have equal mass to their observed counterpart and
hence practically all of the superpartners would have been discovered already. However, it turns out that
the fundamental, high-energy, supersymmetry may persist if the masses of the partners are split from
their known counterparts by an amount known as the soft mass. The term ‘soft’ is used as this form
of supersymmetry breaking preserves the supersymmetric features of the theory at high energies. The
soft mass may lift the mass of, for example, the selectron by an amount m̃ above the electron mass.
At energies E � m̃ the theory will still be supersymmetric and maintain all of its appealing features,
although the partner will not be directly apparent at energies E � m̃, essentially hiding supersymmetry
from low-energy observers.1

If one simply takes the Standard Model of particle physics and supersymmetrizes it, then in the
simplest variant, known as the MSSM, the only complication beyond the adding of superpartners is that
two separate Higgs doublets are required, for reasons related to anomaly cancellation.2 Each doublet
obtains a vacuum expectation value. The vev for the Higgs doublet coupling to the up-type fermions is
vu, and the one coupling to down-type fermions is vd. The ratio of these parameters arises frequently

1Besides the mass terms, for the scalars there are also scalar trilinear couplings which mimic the matter Yukawa couplings.
These couplings are known as ‘A-terms’ and, while they break supersymmetry, this breaking is soft.

2In renormalizable models two Higgs doublets are also required as a result of holomorphicity of the superpotential.
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and is commonly known as tanβ = vu/vd. Thus, all told, the number of fields is a mite greater than a
simple doubling of fields.

The couplings of the additional superpartners to the known fields is predicted by supersymmetry
itself. Thus in many cases once the mass of the superpartners are chosen it is possible to predict the
collider production rate for a specific superfield.3 Because of this predictability, in this supersymmetry
section the experimental prospects for discovering supersymmetry at a 100 TeV collider can be broken
down for each particular superpartner. In Section 2.2 predictions for the production cross sections of
different particles are presented, and following this search strategies and projections for stop squarks
(Section 2.3), gluinos (Section 2.4), the first two generations of squarks (Section 2.5), and electroweaki-
nos such as winos, binos, and higgsinos (Section 2.6) are presented. However, before considering the
experimental sensitivity it is useful to explore further the theoretical aspects of supersymmetry, to inform
our interpretation of the search projections with regard to expectations for well-motivated mass ranges.

The goal of this section is not to promote supersymmetry for any of its particular virtues, nor
is it to use supersymmetry to provide a precise physics motivation for a 100 TeV collider, however it
is pragmatic to consider the superpartner mass ranges suggested by certain theoretical perspectives to
provide a reference point for experimental projections. For the sake of a broad discussion, the various
superpartner soft masses may be broken down into three categories. We may also use symmetries to
understand their expected proximity to one another. Since the Higgs mass has been measured we will
keep it separate; however, although they are not strictly related to each other, all of the other scalar
masses may be broadly described with a generic parameter m̃0. The symmetry broken by the scalar soft
masses is supersymmetry, and it may be naturally small. In isolation, the Higgsino mass µ pairs the
up-type Higgsino H̃u with the down-type Higgsino H̃d to form a Dirac mass. This parameter respects
supersymmetry, but breaks a Peccei-Quinn symmetry of the MSSM, thus it can be naturally small and
is not a priori connected with the scale of supersymmetry breaking. Also the three gaugino masses are
not strictly related to each other, however in many models they are not hierarchically different. Thus, for
the purposes of broad discussion, we may lump them into one parameter M̃1/2. This parameter breaks
supersymmetry and a continuous R-symmetry, thus it may also be naturally small.

With these considerations in mind it is clearly possible to have hierarchies amongst these param-
eters. In particular, it is natural to have M̃1/2 � m̃0 and/or µ � m̃0, or it may be that they are all
comparable M̃1/2 ∼ µ ∼ m̃0. We will now consider in detail some of the theoretical and phenomeno-
logical features of supersymmetry with a specific view towards motivating certain mass ranges for the
different types of superpartner.

2.1.1 Dark Matter
When the SM is supersymmetrized some remarkable features arise. The first is that if an additional Z2

global symmetry known as ‘R-parity’ is imposed, to help avoid potentially phenomenologically unac-
ceptable features such as fast proton decay, then the theory contains not one, but a number of fields that
are compelling candidates for explaining the dark matter. Most importantly, these fields have the required
masses and couplings to satisfy the required ingredients for the so-called ‘WIMP Miracle’, which natu-
rally generates a dark matter abundance in the region of the observed abundance for stable weak-scale
particles [13,14]. The main candidates are the so-called ‘neutralinos’, comprising the neutral Higgsinos,
Wino, and Bino, which may all mix under electroweak symmetry breaking. There are also the sneutri-
nos, which are a priori interesting dark matter candidates [15–17], although as the simplest incarnations
are already in tension with direct detection searches we will not consider sneutrinos further here. As the
dark matter searches are covered in Section 3 we will not consider the dark matter candidates in any more
detail, however it is worth keeping in mind throughout this section that the provision of good dark matter

3In some cases additional soft terms may also enter, such as scalar trilinear couplings, thus these may need to be chosen to
make predictions for some sparticles.
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Fig. 1: Renormalization group evolution of gauge couplings up to high energies, taken from [20]. The Standard
Model gauge couplings are shown in dashed black and the gauge couplings with superpartners added, with masses
in the range 0.75 → 2.5 TeV, are shown in red and blue. Unification of the forces at high energies is clearly
apparent in the supersymmetric case.

candidates remains a strong motivation for considering supersymmetric theories. Neutralino dark matter
thus motivates the mass range µ, M̃1/2 . O(few TeV), otherwise it would not be possible to obtain the
correct relic density and they would overclose the Universe. This clearly points to a mass range that is
within kinematic reach of a 100 TeV collider.

2.1.2 Gauge Coupling Unification
An unexpected surprise that arises whenever the Standard Model is supersymmetrized connects the be-
haviour of the Standard Model gauge couplings to a deep idea concerning the nature of the forces at
extremely high energies. When the superpartners are added, it was found that upon evolving the U(1)Y ,
SU(2)W , and SU(3)C gauge couplings up to high energies they appeared to unify at energies close to
E ∼ 1016 GeV [18,19]. This is shown in Fig. 1. Of course, that two lines will cross is almost guaranteed,
however three lines crossing almost at a point is strongly suggestive of a deeper structure.

Ever since the unification of the electroweak forces, it has been believed that further unification
of all gauge forces, now including SU(3)C , may occur at very high energies. A variety of larger gauge
groups into which they may unify have been proposed, however the simplest is arguably an SU(5) gauge
symmetry [21].4 It is deeply compelling that the Standard Model matter gauge representations neatly fall
into multiplets of a larger symmetry, such as SU(5), as this need not have been the case. A key feature
which must arise at the unification scale in such a theory is that the gauge couplings must themselves
become equal. Thus supersymmetric gauge coupling unification is strongly suggestive that supersym-
metry may go hand-in-hand with the unification of the forces and, if discovered, the superpartners would
provide a low energy echo of physics at extremely high energies.

When considering the role of the superpartners in supersymmetric unification one finds that some
are more relevant than others. The reason is that since the matter fermions of the Standard Model fill out

4It is also possible that the gauge forces unify with gravity, in the context of String Theory, however we will not discuss this
possibility here.
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complete unified representations, so must their partners, the squarks and the sleptons. Thus although the
masses of squarks and sleptons may change the scale at which unification occurs they do not significantly
alter whether or not the couplings will unify, unless they are split by large mass differences themselves.
This means that the most important superpartners for gauge coupling unification are the fermions: the
gauginos and the Higgsinos.

Studies of supersymmetric gauge coupling unification generally find that for successful unification
it is necessary to have gauginos and higgsinos not too far from the weak scale. If the gaugino and
Higgsino mass parameters are taken equal, then unification requires µ, M̃1/2 . O(10 TeV) with some
uncertainty due to unknown threshold corrections at the unification scale [22]. The scalar soft masses,
m̃0, may be arbitrarily heavy while preserving successful gauge coupling unification. This realization led
to the consideration of so-called ‘Split-Supersymmetry’ theories [23–25], in which the main motivations
for the mass spectrum are taken from gauge coupling unification and dark matter, as discussed previously.

The fact that, in addition to the gauge forces, also the matter particles are unified in representations
of the unified gauge symmetry group, can imply relations between the Yukawa couplings of quarks and
leptons at the unification scale [21, 26–30]. To compare such predictions with the measured values of
the fermion masses, one has to take into account the supersymmetric loop threshold corrections at the
soft breaking mass scale [31–36], which depend on the masses of the superpartners. Including them in
the analysis, and using the measured fermion masses and Higgs mass as constraints, unified theories are
even capable of predicting the complete sparticle spectrum [36,37]. An example from a recent analysis is
shown in Fig. 2. The superpartner masses are found to be . O(5 TeV), testable at a 100 TeV pp collider.
Similar upper limits, in the range of O(20 TeV), are discussed in [38].

To summarize, as with dark matter, gauge coupling unification and the unification of matter par-
ticles in representations of the unifying gauge symmetry group motivate the existence of superpartners
of the Standard Model particles with masses . O(10 TeV), once again suggesting that much of the
parameter space motivated by this consideration should be within reach of a 100 TeV collider.

2.1.3 The Higgs Mass
As is common in physics, when new symmetries are introduced to a theory, the predictive power often
increases. Because supersymmetry is softly broken, many new parameters associated with this breaking
are introduced and certain aspects of the increased predictivity are lost. However, some predictability
beyond the SM remains and the Higgs boson mass is a prime example.

In the Standard Model, when the theory is written in the unbroken electroweak phase there are
only two fundamental parameters in the scalar potential, the doublet mass mH , and the quartic coupling
λ. In the broken electroweak vacuum this translates to two fundamental parameters, the Higgs vacuum
expectation value v = 246 GeV, and the Higgs scalar mass mh. Once these two parameters are set,
all other terms, such as the Higgs self-couplings, are determined. Supersymmetric theories take this one
step further as supersymmetry relates the Higgs scalar potential quartic coupling to the electroweak gauge
couplings in a fixed manner. The story is complicated a little relative to the Standard Model by the two
Higgs doublets required in supersymmetric theories, however since the quartic couplings in the scalar

potential are no longer free parameters, once the vacuum expectation value is set v =
√
v2
u + v2

d = 246

GeV, the Higgs mass is now also predicted by the theory. At tree level, this prediction is

mh = MZ | cos 2β| . (1)

Clearly for any value of β this prediction is at odds with the observed value of mh ≈ 125 GeV and
thus for consistency additional contributions to the Higgs doublet quartic terms are required. Within the
MSSM the only potential source is from radiative corrections at higher orders in perturbation theory.
The dominant corrections arise from loops of particles with the greatest coupling to the Higgs, the stop
squarks [39, 40]. If the soft mass splitting between the top-quark and stop squarks is large enough then
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radiative corrections which are sensitive to this supersymmetry breaking may spoil the supersymmetric
prediction for the Higgs quartic couplings and allow for contributions that may bring the Higgs boson
mass within the observed window.

In Fig. 3 we show the expected soft mass parameter scales which reproduce the observed Higgs
mass. Clearly, within the MSSM the observed Higgs mass may be reproduced for scalar masses in the
range 1 TeV . m̃0 . 108 TeV.5 Furthermore, if we consider the range tanβ > 4, then scalar masses
below O(10’s TeV) are required. This is the first upper bound we have encountered for the scalar soft
masses, resulting directly from the Higgs mass measurements. Theoretically, this has given rise to a
reduction in the allowed parameter space of supersymmetric theories and in the context of Split SUSY,
where previously scalar masses could take almost any value, now the Higgs mass measurements have led
to the so-called ‘Mini-Split’ scenario [22, 43], where there is an upper bound on the value of the scalar
soft masses.

There are variants of the MSSM in which the Higgs mass may also be raised above the MSSM
tree-level prediction by utilizing additional effects deriving from couplings to new fields. If the coupling
is to new fields in the superpotential then such theories are typically variants of the NMSSM, in which
the Higgs doublets couple to an additional gauge singlet. Alternatively, the corrections may arise from
coupling to new gauge fields, due to additional contributions to the quartic scalar potential predicted by
supersymmetric gauge interactions. Importantly, in these scenarios the additional enhancements of the

5In fact, if the soft scalar trilinear term Ãt is chosen so as to maximise the shift in the Higgs mass, the lightest stop squark
could be as light as ∼ 500 GeV [42].
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Fig. 3: Higgs mass predictions as a function of the supersymmetry breaking soft mass scale and the Higgs sector
parameter tanβ, taken from [41]. In the High-Scale scenario all soft masses µ, M̃1/2, m̃0 are varied together,
whereas in the Split SUSY scenario µ, M̃1/2 are kept at 1 TeV and only the scalar soft masses m̃0 are varied.

Higgs mass only serve to reduce the required value of the radiative corrections, and hence the required
value of the scalar soft masses. Thus the required scalar soft mass values shown in Fig. 3 serve as an
approximate upper limit for theories beyond the MSSM.

To summarize, the measurement of the Higgs mass has now provided information that is key to
understanding the expected mass ranges of superpartners relevant to a 100 TeV collider, particularly for
the stop squarks. Although scalar masses may be as large as m̃0 ∼ 108 TeV, for a broad range of parame-
ter space, if it is the case that tanβ > 4 this upper bound is reduced significantly to m̃0 . O(10’s TeV).
All told, the observed Higgs mass may in some cases already point towards scalar superpartners within
the expected reach of a 100 TeV collider.

It should also be noted that an appealing feature of superysmmetric models is that electroweak
symmetry breaking may be driven radiatively upon RG evolution from high to low scales [44–48]. This
attractive feature may not be possible in all scenarios, including the Mini-Split models, depending on
parameter choices.

2.1.4 Naturalness and the Hierarchy Problem
Finally, we arrive at a question that has been a driving force within fundamental physics research, and
we find a supersymmetric answer to this question in which one of the most magical aspects of supersym-
metry comes to the fore. Briefly, before considering the hierarchy problem in detail, it is worthwhile to
explain why this central feature of supersymmetric theories has been left to the end of this section. The
reason is twofold. First, as we will see, a total supersymmetric resolution of the hierarchy problem looks
increasingly under tension from LHC measurements, hence this motivation for supersymmetry is per-
haps waning relative to the others, at least in its purest form, and this trend may continue with additional
LHC data. Secondly, this discussion was deliberately left until the end to reinforce the notion that it is
not necessary to rely on naturalness arguments in order to discuss supersymmetry as a well-motivated
new spacetime symmetry, or as an interesting phenomenological framework which may lie at the core of
deep questions in fundamental physics concerning dark matter and the unification of the forces.

If the Standard Model of particle physics could be taken in isolation it would be a well-defined
quantum field theory with the Higgs mass as a renormalized input parameter, which could in principle
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take any value desired. However, this is not the case and the Standard Model must itself be viewed as a
low energy effective description of some more fundamental theory at higher energy scales, as there are
numerous reasons to expect new physics at energies MNew far above the weak scale. We will discuss
a sample here. The most obvious example is the theory which UV-completes QFT at the Planck scale
MNew = MP ∼ 1018 GeV to provide a consistent unification of quantum mechanics and general rela-
tivity, i.e. the theory of quantum gravity. This may be preceded, at lower energies, by the grand unified
theory of the gauge forces, at the scale MNew = MGUT ∼ 1016 GeV. This may be preceded by the
Peccei-Quinn breaking scale MNew = fa & 109 GeV associated with the axion solution of the strong
CP-problem, or by the right-handed neutrino mass scaleMNew = MN & 1011 GeV. In any of these cases
there should exist new fields with mass characterized by the relevant energy scale, coupled to the Higgs.
Even in the absence of new physics at these energies, hypercharge exhibits a Landau pole and becomes
strongly coupled at very high energies, thus even within the SM there is reason to believe in the existence
of new physics at extremely high energies, although realistically quantum gravitational effects will have
entered before that scale, rendering an unambiguous discussion of this feature difficult.

The possibility of new physics at high energies is not a problem in itself, rather the problem is
concerned with how the weak scale may be so far below MNew. The reason is that even if we were to
set the tree-level Higgs mass to a value hierarchically below MNew, this situation would not be stable
at the quantum level. Radiative corrections, most often depicted through one-loop diagrams, will in
general give corrections to the Higgs mass, and hence the weak scale, of δMH ∼ O(MNew). One could
choose to finely tune parameters such that all contributions contrive to cancel at low energies, leading
to MH � MNew when all corrections are included. However, in arguments elucidated by Wilson, t’
Hooft [49], and specifically quoting Susskind [50], “observable properties of a system should not depend
sensitively on variations in the fundamental parameters”. This is the core of the hierarchy problem: a
finely-tuned scenario for the weak scale is unnatural, seemingly implausible, although still possible.

The supersymmetric solution to this problem is straightforward to sketch. All fermions enjoy
a chiral symmetry acting on their individual Weyl components. A fermion mass, whether Dirac or
Majorana, breaks this chiral symmetry. This means that if the mass, and hence breaking of the chiral
symmetry, is small then a fermion may remain naturally smaller than other mass scales in the theory
and this will remain true at the quantum level. In fact, we are already familiar with this in the Standard
Model. While we may wonder at the origin of the huge hierarchy between the electron mass and the tau
mass, we do not puzzle over the quantum stability of this mass difference. This lies at the core of the
supersymmetric resolution of the hierarchy problem. Supersymmetry ties the mass of a scalar field to the
mass of its fermionic superpartner, and since supersymmetry does not break the chiral symmetry enjoyed
by the fermion, and the chiral symmetry protects the fermion mass from large quantum corrections, so
too must the mass of its scalar partner be protected, by proxy.

This means that in a supersymmetric theory it is perfectly natural for the mass of the individual
components of a superfield to be hierarchically below other mass scales in the theory, even if two super-
fields with vastly separated masses are coupled to each other with O(1) couplings. This is extraordinary
and is quite at odds with naive intuition, which is what makes this property of supersymmetry so magi-
cal. In practice it means that in a supersymmetric theory the weak scale could be comfortably below new
physics at a scaleMNew, even if this is identified with the Planck scale. Thus supersymmetry may provide
a concrete foundation for the Standard Model fields all the way up to the scale of quantum gravity.

Of course in nature supersymmetry must be broken and once the symmetry is broken at a scale m̃,
which represents the soft mass scale, the Higgs mass is no longer protected from quantum corrections.
Thus supersymmetry is effective in protecting the Higgs mass all the way down from a high mass scale
to the supersymmetry breaking scale MNew → m̃, however from the soft mass scale down to the weak
scale, m̃→ mh supersymmetry is no longer present. This means that for a natural theory without tuning
we must expect m̃ ∼ mh, and conversely if m̃� mh there must be some fine tuning to realize the weak
scale below the soft mass scale. These qualitative arguments may be made quantitative. A well motivated
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measure for the degree of tuning in the weak scale with respect to a given fundamental parameter in the
theory, a, is [51, 52]

∆[a] =
∂ logM2

Z

∂ log a2
. (2)

By minimising the weak scale potential at large tanβ we find

M2
Z = −2(m2

Hu + |µ|2) , (3)

wherem2
Hu

is the soft mass for the up-type Higgs which includes all radiative corrections. Let us consider
the tree-level contribution from the µ-term, along with the one-loop contributions from stop squarks and
the winos, and the two-loop contribution from gluinos, which are given by

δm2
Hu(t̃) = −3y2

t

4π2
m2
t̃

log(Λ/mt̃) (4)

δm2
Hu(W̃ ) = − 3g2

8π2
(m2

W̃
+m2

h̃
) log(Λ/m

W̃
) (5)

δm2
t̃

=
2g2
s

3π2
m2
g̃ log(Λ/mg̃) , (6)

where Λ is a UV-cutoff at which the full UV-completion of supersymmetry kicks in, and the last term may
be inserted into the first to obtain an estimate of the tuning from gluinos. Conservatively taking Λ = 10
TeV we arrive at the following expectations for a theory which is only tuned at the 10% level [53]:

µ . 200 GeV , mt̃ . 400 GeV , m
W̃

. 1 TeV , mg̃ . 800 GeV , (7)

This picture is clearly at odds with the stop mass values required to achieve the observed Higgs mass
in the MSSM, shown in Fig. 3. However it may be that non-minimal structure beyond the MSSM lifts
the Higgs mass without requiring large stop masses, thus this constraint is not too significant. More
importantly, current constraints on the Higgs boson couplings, which would typically be modified if
the stop squarks were light, already place stringent constraints on light stop scenarios. Furthermore,
direct searches for stops and gluinos, already show that significant portions of this parameter space are in
tension with LHC 8 TeV data (for a thorough overview see [53]). Finally, in many (but not all) concrete
scenarios it is expected that the first two generation squarks should not be significantly heavier than the
stop squarks and, as the production cross section is enhanced due to valence quarks in the initial state,
constraints on first two generation squarks are very strong, indirectly placing strong constraints on the
naturalness of many supersymmetric theories.

Where do these strong constraints leave the supersymmetric solution to the hierarchy problem?
As we are on the brink of a paradigm shift in our understanding of electroweak naturalness a number of
possibilities are plausible.

It could be that the weak scale is meso-tuned, as in Mini-Split supersymmetry, and the æsthetic
motivations for supersymmetry as a new spacetime symmetry are justified, whereas the naturalness ar-
guments were misguided, to at least some degree, since supersymmetry does solve the big hierarchy
problem and we are instead left with a relatively small tuning of the weak scale up to energies as high
as O(108) TeV. This scenario is in some sense quite successful. A fundamental Higgs boson of mass
mh . 135 GeV is predicted, gauge coupling unification and successful dark matter candidates are real-
ized, all at the cost of accepting some meso-tuning. Although not necessarily guaranteed, the gauginos
should be below mass scales of ∼ O(few TeV), mostly driven by the dark matter requirement.

Another possibility which has only recently been explored is that the Mini-Split spectrum is re-
alized in nature, with all of the above successes, however the theory is not actually tuned due to a
hidden dynamical mechanism which renders the hierarchy from the weak scale to the soft mass scale
natural [54]. This can be achieved by employing the cosmological relaxation mechanism of [55] in a
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supersymmetric context. In this case both the æsthetic arguments for supersymmetry and the naturalness
arguments for the weak scale were well founded, however the two may have manifested in an entirely
unexpected manner, with a cocktail of symmetries and dynamics protecting the naturalness of the weak
scale up to the highest energies. As before, the gauginos should be below mass scales of∼ O(10’s TeV),
however this expectation comes from the fact that a loop factor suppression between scalars and gauginos
is expected in this model and in addition the scalars cannot be arbitrarily heavy due to the finite cutoff of
the cosmological relaxation mechanism.

Alternatively, a reevaluation of the fine-tuning in the infrared may be required if a spectrum with
heavy squarks is made natural due to correlations between soft mass UV-boundary conditions and the
infrared value of the Higgs mass, as in ‘Focus Point’ supersymmetry [56] or in the recently proposed
‘Radiatively-Driven’ natural Supersymmetry [57]. In these cases gauginos, Higgsinos, and most likely
also stop and sbottom squarks are expected to still be in the sub-10 TeV range. The first two generation
squarks may be somewhat heavier.

Finally, it is still possible that the weak scale is relatively natural due to supersymmetry, however
the sparticles have evaded detection until now. If this is the case it is likely the stop squarks are still
relatively light, in the range of a few 100’s of GeV, and the Higgs mass is raised by an additional tree-level
term. For the stop squarks to evade detection there are a number of possible scenarios. We will discuss
just a few here. One is an example of a so-called ‘compressed’ spectrum (see e.g. [58]), where the mass
splitting between the stop and the stable neutralino is so small that the tell-tale missing energy signature
carried away by the neutralino is diminished to the point of being unobservable. Another possibility is
‘Stealth Supersymmetry’ [59, 60], where again the missing energy signatures are diminished, however
in this case from sparticle decays passing through a hidden sector. Yet another possibility is for R-parity
violating decays of the superpartners [61], since in this case missing-energy signatures are removed
and the collider searches must contend with larger backgrounds (see e.g. [62] for models and collider
phenomenology). For a natural spectrum the first two generations of squarks must also have evaded
detection. One possibility is to raise their mass above experimental bounds, which is compatible with
naturalness if they stay within an order of magnitude or so of the gluinos and stops [63–65]. Dirac
gauginos also offer opportunities for suppressing collider signatures, at no cost to the naturalness of
the theory [66, 67], as Dirac gauginos may naturally be heavier than their Majorana counterparts. This
scenario allows not only for the suppression of gluino signatures at the LHC, but also suppresses the
t-channel gluino exchange production of the first two generation squarks.

In summary, if we wish for supersymmetry to provide a comprehensive solution to the electroweak
hierarchy problem, then the full cohort of sparticles should lie below O(few TeV). Otherwise we are
forced into considering at least some fine tuning of the weak scale or alternatively the introduction of an
additional mechanism, beyond supersymmetry, to enable a natural weak scale.

2.1.5 Summary
Having whetted our appetite with a variety of theoretical considerations we are now well placed to
understand the connection between theoretically motivated mass ranges in supersymmetry and the ex-
perimental reach of a 100 TeV collider for supersymmetry. A brief summary of the theory motivation for
superpartner mass ranges is as follows.

– Supersymmetric dark matter leads us to expect electroweak fermions comprising some admixture
of the bino, wino, and/or Higgsino, with mass below ∼ few TeV. If the bino and wino masses
are not hierarchically separated from the gluino mass then we may also expect gluinos below
O(10’s TeV).

– Expectations from gauge coupling unification and the unification of matter particles in representa-
tions of the unifying gauge symmetry group are similar, and motivate the existence of superpart-
ners of the Standard Model particles with masses . O(10 TeV). More detailed predictions for the
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superpartner masses are possible in the context of specific unified models.
– The measured Higgs mass points towards scalar superpartners below ∼ 108 TeV, and in many

well-motivated cases the upper limit may be as low as O(10’s TeV). Strictly speaking this applies
mostly to the stop squarks, however in many models they are within an order of magnitude of the
first two generation squarks as well.

– Naturalness points towards superpartners that are as light as can be possible given current experi-
mental constraints. With stops ideally below ∼ 400 GeV, gluinos below ∼ few TeV, and first two
generation squarks below ∼ few TeV. Relaxing the naturalness criterion raises the masses at the
price of increased fine tuning. If the weak scale is natural then it is likely that supersymmetry has
been hidden by an exotic scenario, that may require specialized techniques to dig the signal out
from background.

Let us now consider the experimental prospects for supersymmetry at 100 TeV. Numerous studies have
already shown that a potential proton-proton collider operating at

√
s = 100 TeV greatly extends

the kinematic reach for superpartners, into the many-TeV range [68–77]. Previous studies have fo-
cused primarily on pair production of superpartners, both strongly-interacting [68, 69, 71] and weakly-
interacting [70, 73–76]. In Section 2.2 we will consider the pair production cross sections for various
superpartners at 100 TeV, including NLO corrections. In Sections 2.3 to 2.6 we will focus on searches
specific to particular superpartners, often employing simplified models. In Section 2.7 we discuss the
exotic signatures of long-lived charged superpartners and in Section 2.8 potential indirect constraints
on stop squarks from modifications of Higgs pair production. In Section 2.9 potential measurements
at a 100 TeV collider are interpreted in the context of two specific supersymmetric models, the ‘con-
strained MSSM’ and Mini-Split Supersymmetry. Section 2.10 discusses the next steps to be made after
discovering supersymmetry at a 100 TeV collider. Finally, in Section 2.11 we summarize, focussing on a
broad characterization of the expected reach of a 100 TeV collider and the potential implications for our
understanding of supersymmetry.

2.2 Cross Sections for Production of SUSY Particles
In this section we present reference cross sections for the production of SUSY particles at 100 TeV.

We first focus on the pair production of squarks and gluinos,

pp→ q̃q̃, q̃q̃∗, q̃g̃, g̃g̃ +X, (8)

where the charge conjugated processes pp → q̃∗q̃∗ etc. are included. We assume 10 mass-degenerate
squark flavours, q̃ ∈ {uL/R, dL/R, cL/R, sL/R, bL/R} and have suppressed the chirality labels in Eq.(8)
and below. The production of stops is treated separately, as the large Yukawa coupling between top
quarks, stops and Higgs fields gives rise to potentially large mixing effects and mass splitting. Thus, for
stop production we consider the pair production of the lighter mass eigenstate, t̃1,

pp→ t̃1t̃
∗
1 +X. (9)

First, in Fig. 4 we show cross section predictions for the various squark and gluino production
processes, assuming degenerate squark and gluino masses. For squark/gluino masses near 2 TeV the
inclusive cross section is of the order 100 pb. The relative size of the various production channels depends
on the squark/gluino masses and is driven by the corresponding parton luminosities. The cross sections
include NLO SUSY-QCD corrections [78, 79] and the resummation of threshold logarithms at next-to-
leading logarithmic (NLL) accuracy [80, 81], as described in Ref. [82].

We will now consider individual production processes in more detail, starting with gluino pair
production in a simplified model with the squarks decoupled. In Fig. 5 we show the NLO+NLL cross
section, pp → g̃g̃, including the theoretical uncertainty from scale variation and the parton distribution
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Fig. 5: NLO+NLL cross section for gluino pair-production, pp→ g̃g̃+X , at
√
S = 100 TeV, as a function of the

gluino mass with squarks decoupled. The black (red) lines correspond to the cross section and scale uncertainties
predicted using the CTEQ6.6 [83] (MSTW2008 [84]) pdf set. The yellow (dashed black) band corresponds to the
total CTEQ6.6 (MSTW2008) uncertainty, as described in [82]. The green lines show the final cross section and its
total uncertainty. From Ref. [82].

functions, as determined following the procedure described in Ref. [82]. The individual sources of the
uncertainty are shown in the lower plot for the mass range 1 TeV ≤ mg̃ ≤ 4 TeV. Fig. 6 shows the
corresponding results for squark-antisquark production, pp→ q̃q̃∗, with gluinos decoupled.

Finally, in Fig. 7 we show the cross section for the pair production of the lighter stop mass eigen-
state in a model where all other sparticles are decoupled. Note that these cross sections are approximately
equal to the cross section for the lighter sbottom mass eigenstate, assuming that the rest of the coloured
SUSY spectrum is decoupled.
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Fig. 6: NLO+NLL cross section for squark-antisquark production, pp → q̃q̃∗ + X , at
√
S = 100 TeV, as a

function of the squark mass with gluinos decoupled. The black (red) lines correspond to the cross section and
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cross section and its total uncertainty. From Ref. [82].
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Fig. 7: NLO+NLL cross section for stop-antistop production, pp → t̃1t̃
∗
1 + X , at

√
S = 100 TeV, as a function

of the stop mass with all other coloured sparticles decoupled. The black (red) lines correspond to the cross section
and scale uncertainties predicted using the CTEQ6.6 [83] (MSTW2008 [84]) pdf set. The yellow (dashed black)
band corresponds to the total CTEQ6.6 (MSTW2008) uncertainty, as described in [82]. The green lines show the
final cross section and its total uncertainty. From Ref. [82].

Besides higher-order QCD corrections, the production of squarks and gluinos receives Born-
level [85] and higher-order electroweak (EW) contributions [86–92]. These EW corrections are enhanced
well above the TeV scale due to large logarithms of Sudakov type. For

√
ŝ�MW , NLO EW corrections

can be at the level of several tens of percent of the LO cross section. In Fig. 8 we illustrate the effect of
such EW corrections for the case of squark-antisquark (left) and stop-antistop (right) production, where
for squark-antisquark production we separate different chirality combinations (LL, RR, LR+RL). The
production of left-handed squark-antisquark pairs receives NLO EW corrections with respect to the LO
predictions of up to −30%, while for the other production modes and for stop-antistop production NLO
EW corrections are smaller. These large NLO EW corrections are partly compensated (or even over-
compensated) by the contribution from photon-induced production. However, these contributions are
accompanied by very large intrinsic PDF uncertainties [92], which may substantially alter the size of
the electroweak corrections. Overall, any precision study of SUSY particle production in the multi-TeV
range should include higher-order EW corrections and photon-induced production.
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produced squark/stop mass. In the case of squark–antisquark production all squarks and the gluino have the same
mass mq̃ = mg̃ , while in the case of stop-antistop production the gluino is decoupled and all light-flavor squark
masses are set to mq̃ = 5000 GeV. All cross sections are obtained using NNPDF2.3QED [93].

The associated production of neutralinos with squarks and gluinos provides a complementary
probe of SUSY particle production. In Fig. 9 we present the (leading-order) cross section for pp→ χ̃0

1+q̃
in a simplified model with degenerate squarks of the first two generations and a bino χ̃0

1. All other SUSY
particles are decoupled. The cross section for pp → χ̃0

1 + g̃ is shown in Fig. 10. Again, we consider
a pure bino χ̃0

1, and set the gluino and the squarks of the first two generations to a common mass. The
cross sections have been obtained with MadGraph5 [94].

2.3 Stop Squarks
The largest radiative correction to the Higgs potential arises from top loops, thus the scalar partner of the
top (stop) is of critical importance for understanding if supersymmetry solves the hierarchy problem. In
this section, we will study the reach for stops at a future 100 TeV hadron collider.

Motivated by dark matter and proton decay, we consider R-parity to be a good symmetry and
imagine a neutral lightest supersymmetric particle (LSP) that is stable on collider time scales. We will
refer to the LSP as a neutralino (χ̃0

1), but it could have quantum numbers which differ from the usual
MSSM neutralinos. Thus we take a simplified model which consists of a stop and a much lighter neu-
tralino, and, in this model, the decay t̃→ tχ̃0

1 occurs 100% of the time.

2.3.1 Leptonic Decays
The LHC experiments have performed many searches for stops [95, 96], and such searches will be an
important piece of the LHC and HL-LHC physics programs. However, the kinematic regime accessible
at
√
s = 100 TeV is completely different from that of the LHC, and will require new search strategies.

From the cross sections shown in Section 2.2 we see that a 100 TeV machine will easily produce multi-
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of the squark mass for three different values of the neutralino mass. We assume a simplified model with degenerate
masses for the squarks of the first two generations, a pure bino χ̃0

1, and all other SUSY particles decoupled.

TeV stops, so we expect a large fraction of the parameter space to contain multi-TeV top quarks.

LHC techniques fail at higher energies precisely because the top quarks are highly boosted. In
Fig. 11 we show the top quark pT and the average ∆R between its decay products as a function of the
stop and neutralino masses. In most of the parameter space accessible at

√
s = 100 TeV the top decay

products are contained in a cone of the same size of an LHC jet: ∆R . 0.5. In some cases the separation
between them is even smaller than the size of LHC calorimeter cells. For example, an 8 TeV stop and
a light neutralino give a large fraction of top quarks with ptT ≈ 5 TeV. This corresponds to a separation
between the W and the b from the top decay of ∆R ≈ 0.07, to be compared with a tower of the CMS
hadronic calorimeter in the barrel ∆η ×∆φ ∼ O (0.1× 0.1) [97].

It is clear that traditional LHC searches, which aim to reconstruct the top quark from its decay
products, will be ineffective, unless detector granularities improve considerably. The same is true for
algorithms specifically designed to tag top quarks [98,99], as was shown in Ref [71]. Therefore we avoid
relying on substructure techniques, and instead build our search around the requirement of a muon inside
a jet. This greatly reduces the SM backgrounds while making the analysis almost insensitive to the future
detector design. Similar techniques are already in use at hadron colliders to tag b-jets [100–109].

The analysis was performed with the Snowmass background samples [110] for the tt̄+jets, sin-
gle t+jets, tt̄V +jets, and V +jets (V = W,Z) background processes. An HT -binned QCD multijet
sample was also produced, following the same prescription as the Snowmass samples. Signal samples
were produced unbinned in HT . All samples were generated with MadGraph5 [111] and showered with
Pythia6 [112]. The detector simulation was implemented using Delphes [113] with the Snowmass
combined detector card [114]. The signal cross-section was computed at NLL + NLO in [82], consistent
with the calculations presented in Section 2.2.

Our selection requirements are (applied in the order in which they are listed):
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Fig. 10: LO cross section for neutralino-gluino associate production, pp → χ̃0
1 + g̃, at

√
S = 100 TeV, as a

function of the gluino mass for three different values of the neutralino mass. We assume a simplified model with
degenerate masses for the gluino and the squarks of the first two generations, a pure bino χ̃0

1, and all other SUSY
particles decoupled.

1. At least two ∆R = 0.5 anti-kt jets [115] with |η| < 2.5 and pT > 1 TeV must be present in the
event.

2. We require at least one muon with pµT > 200 GeV inside a ∆R = 0.5 cone centered around the
axis of one of the leading two jets.

3. Events in which at least one isolated lepton (either an electron or a muon) with pT > 35 GeV and
|η| < 2.5 is present are rejected. Our isolation criterion requires that the total pT of all particles
within a ∆R < 0.5 cone around the lepton be less than 10% of its pT .

4. ∆φE/T J > 1.0, where ∆φE/T J is the minimum |∆φ| between missing energy (E/T ) and any jet in
the event with pT > 200 GeV and |η| < 2.5.

5. After the previous cuts are applied we define three signal regions: E/T > 3, 3.5 or 4 TeV.

This set of cuts is designed to optimize the stop mass reach for light neutralinos. As we approach
the diagonal of the mt̃ − mχ̃0

1
plane, the top gets a smaller fraction of the initial energy, and its decay

products become more separated. In addition, the total visible energy and E/T in the event are consider-
ably reduced. In this compressed region of parameter space the natural candidate to recover sensitivity
is a dilepton search [71]. This leads us to consider also the signal region defined by the following set of
requirements:

1. At least two ∆R = 0.5 anti-kT jets with |η| < 2.5 and pT > 500 GeV in the event.
2. The presence of two isolated leptons (either electrons or muons) with p`T > 35 GeV is required.

The isolation criterion is the same described for the boosted signal region.
3. E/T > 2 TeV.
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4. ∆φE/T J, ` > 1.0, where ∆φE/T J, ` is the minimum |∆φ| betweenE/T and any jet with pT > 200 GeV
and |η| < 2.5, and any isolated lepton with p`T > 35 GeV and |η| < 2.5.

The expected mass reach of the compressed and boosted searches is shown in Fig. 12 for 3000 fb−1

of integrated luminosity. We assume a 20% systematic uncertainty on both signal and background.
Exclusion is defined at 95% confidence level, and the significance for discovery is 5 σ. Background and
signal are modeled as Poisson distributions with Gaussian systematics. Exclusion limits are computed
using a modified Frequentist procedure (CLs) computed using ROOSTATS [116]. We find that stops
with masses of ≈ 5.5(8) TeV can be discovered (excluded) if the neutralino is massless. In most of
the parameter space we can exclude neutralino masses up to 2 TeV. In the compressed region we can
discover stops up to 1.5 TeV. The impact of larger systematic uncertainties on both signal and background
is discussed in [71].

Another conclusion of the study is that an integrated luminosity of 3000 fb−1 does not saturate the
potential of a 100 TeV collider. A factor of 10 more in integrated luminosity would extend the discovery
reach on the stop mass up to 8 TeV (for a massless neutralino) and the exclusion to 10 TeV [71].

2.3.2 Hadronic Decays
In this section we consider fully hadronic decays using strategies inspired by [98,117–121]. Experimen-
tal searches for this channel from the 8 TeV run of the LHC are reviewed in [96, 122] with a current
bound of about 700 GeV for very light neutralinos. The limit weakens with increasing neutralino mass,
disappearing completely for a neutralino heavier than about 300 GeV.

The fully hadronic channel has two advantages over leptonic searches. The first is that it has the
largest branching fraction for the top decays. The second is that it has no inherent missing energy from
neutrinos, so all the missing energy comes from the neutralinos. This allows many backgrounds to be
reduced by vetoing events with leptons.

Here we will present a very crude estimate of the reach at a future 100 TeV collider. We will
choose stringent cuts to get a very pure signal sample, and then compute the signal efficiency using
literature and simplified parton level simulations. The results, presented in Ref. [121], are summarized
in Table 1 for

√
s =100 TeV, and for other future collider scenarios. Those results use tree-level cross

sections given by MadGraph 5 [111], but for our 100 TeV study we use NLL+NLO results from [82].
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb−1 of total integrated lumi-
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√
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1σ uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb−1 10 fb 650 GeV
LHC 14 TeV 300 fb−1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab−1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab−1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab−1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [96, 122]. The remaining lines
give the estimated 5σ discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [121]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

We use top tagging [4, 98, 99, 123–126] to distinguish signal from background. Since highly
boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [7], the search
presented here avoids specialized substructure variables and instead uses top-tagging techniques estab-
lished at the LHC. This is applied to stop searches in theory studies in [98, 117–121]. Top tagging has
been used by experiments at the LHC [127, 128] in other types of searches, and from [127] we take the
efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the fake
rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use these
efficiencies throughout out study, even at very high energy. The HPTTopTagger [4] study focuses on
pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [129, 130],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [111] and is used to
compute the efficiency for the following two cuts:
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Energy Luminosity Cross Section Mass
100 TeV 1 ab−1 200 ab 6.2 TeV
100 TeV 30 ab−1 36 ab 7.9 TeV

Table 2: Discovery reach at a 100 TeV collider using NLL+NLO cross sections for two different luminosity
benchmarks.

– Require that both tops have pT > 500 GeV (97%),
– Require missing transverse energy bigger than 4 TeV (38%).

The first cut justifies the efficiency of the top tagger cut from above. The efficiency of the second
cut is computed after the first cut is applied, and the total efficiency of all cuts is 3.0%.

In order to estimate the size of the backgrounds, we use the same combination of cut efficiencies
obtained from the literature and parton level Monte Carlo. Because of our requirement of b and top
tags, the dominant backgrounds will be those with on-shell tops. In searches at the LHC, the dominant
background is tt̄ production where one of the tops decays to a hadronic τ . At 100 TeV, however, this
background is made negligibly small by the large missing energy cut. Therefore, the dominant back-
ground is tt̄Z where the Z decays to neutrinos and is highly boosted to pass the missing energy cut.

The production cross section at 100 TeV is 46 pb. Applying just the 4 TeV missing energy cut
reduces the effective cross section to 130 ab. Applying the requirement of both tops having pT > 500, as
well as branching ratios and b and top tags reduces the effective cross section to 1.4 ab, so with these hard
cuts, even this potentially large background can be reduced to be essentially negligible until extremely
high luminosity is reached. Other more exotic backgrounds such as four top and tt̄ZZ production are
not considered here, but they are expected to be subdominant.

Our results are summarized in Table 1. We estimate the σ-significance as number of signal events
divided by the square root of the number of background events. This can be rewritten as a discovery of
Nσ being achieved with the following signal cross section

σs =
Nσ

εs

√
εbσb
L

(10)

where εs is the signal efficiency computed in Section 2.3.2, εbσb is the effective background cross sec-
tion,and L is the integrated luminosity of the collider run. Our cuts are such that the expected number of
background events is O(1), so we need O(5) events for a 5σ discovery. In this regime, Eq. (10) is not
strictly correct, but will suffice as a reasonable approximation here. We find that at 100 TeV machine
with 1 ab−1 of luminosity can discover stops with pair production cross section of 200 ab. Using leading
order cross sections from Madgraph 5, this corresponds to a discovery reach of 5.7 TeV.

Using the cross sections in Section 2.2 to estimate the mass reach leads to slightly stronger limits,
albeit with higher-order corrections included for signal while background is still treated at leading order.
With these caveats, we can use Eq. 10 and Fig. 7 to estimate the reach. The final results are shown in
Table 2. Going from leading order to the more precise calculation extends the reach by about 10%.

The analysis here is a very naive estimate of the reach, and there many things that could be done to
make it more precise including implementing top decays and hadronization as well as a realistic detector
simulation. One can also consider more sophisticated cuts which vary for the different stop masses. It
would also be interesting to see what the top tagging efficiency and fake rates look like at even higher
top momenta. These and other issues are left for future study.
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2.4 Gluinos
Gluinos are a critical component of supersymmetric theories. With regard to the hierarchy problem they
only enter the Higgs potential at two loops embedded within a stop loop. However, due to the large top
Yukawa, and reasonably large QCD gauge coupling, these corrections can be large, thus gluinos are still
important for understanding the role of supersymmetry in addressing the hierarchy problem.

In this section we study the reach of a 100 TeV collider for gluinos in the context of several
simplified models. The gluino and LSP will always be considered to be relatively light, sometimes along
with light-flavor squarks. The LSP is assumed to be stable, and all decays are assumed to be prompt.
Depending on the spectrum of heavy scalar sparticle masses, gluino decays can be mediated by light-
flavor squarks or by stops. When the decays are mediated by light-flavor squarks, the gluino effectively
undergoes a three-body decay to two quarks and the invisible χ̃0

1. For decays mediated by stops, the
gluino decays to tt̄+ χ̃0

1. In cases where light-flavor squarks are also accessible, the gluinos and squarks
can be produced in association with each other, leading to a third class of signatures. The three signatures
considered in this section, along with the analysis strategies used to confront them, are shown below:

Simplified Model Decay Channel Search Strategy

Gluino-neutralino (light flavor) g̃ → q q χ̃0
1 jets+E/T , mono-jet

Gluino-neutralino (heavy flavor) g̃ → t t χ̃0
1 Same-sign dilepton

Gluino-squark with a massless neutralino
g̃ →

(
q q χ̃0

1/q q̃
∗);

jets+E/T
q̃ →

(
q χ̃0

1/q g̃
)

2.4.1 Pair Production
Models of split and mini-split SUSY can have scalar superpartner masses well above the masses of the
gauginos [22–25,43]. In this case, the gluino (g̃) and LSP (χ̃0

1) are left as the only accessible superpartners
at a
√
s = 100 TeV collider. However, the large cross section for gluino production, as shown in

Section 2.2, makes this a likely discovery channel for SUSY at present and future colliders. A full
description of all analyses summarized here is available in Refs. [68, 71].

Parton level events for all searches were generated using Madgraph5 v1.5.10 [111]. All signals
involve the pair production of SUSY particles and are matched using MLM matching up to 2 addi-
tional jets. The kt-ordered shower scheme with a matching scale of qcut=xqcut=100 GeV was used.
We do not account for any possible inadequacies inherent in the current Monte Carlo technology, e.g.
electroweak gauge bosons are not included in the shower.

The gluinos and squarks were treated as stable at the parton level. These events were subsequently
decayed and showered using Pythia6 [112] and passed through the Delphes detector simulation [113]
using the “Snowmass" detector parameter card [114]. Total production cross sections were computed at
NLO using a modified version of Prospino v2.1 [78,79,131], and stop cross sections were computed at
NLL using [82], consistent with the results shown in Section 2.2.

2.4.1.1 Gluino-neutralino with light flavor decays

In a simplified gluino-neutralino model with decays to light flavor quarks, the gluino is the only kine-
matically accessible colored particle. The squarks are completely decoupled and do not contribute to
gluino production diagrams. The gluino undergoes a prompt three-body decay through off-shell squarks,
g̃ → q q χ̃0

1, where q is one of the light quarks and χ̃0
1 is a neutralino LSP. The only two relevant param-

eters are the gluino mass mg̃ and the neutralino mass mχ̃0
1
.

The background is dominated byW/Z+ jets, with subdominant contributions from t t production.
Single top events and W/Z events from vector boson fusion processes are negligible. In all cases, there
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Fig. 13: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the 5σ

discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is
assumed and pile-up is not included.

are decay modes which lead to multi-jet signatures. The E/T can come from a variety of sources, such as
neutrinos, jets/leptons that are lost down the beam pipe, and energy smearing effects.

The first analysis used to confront such signals is inspired by an ATLAS upgrade study [132]. After
an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on E/T and HT , where E/T is the magnitude of the missing transverse momentum and HT is
defined as the scalar sum of jet pT . Following a standard four-jet pre-selection, the following cuts are
applied:

– E/T /
√
HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T < 0.4HT

– E/T > (E/T )optimal

– HT > (HT )optimal

The discovery reach and limits for all several future collider scenarios in the full mg̃ versus mχ̃0
1

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb−1, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb−1

could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for mχ̃0
1
& 1 TeV the

gluino mass reach rapidly diminishes.

A separate analysis is used to target the compressed region of parameter space of this simplified
model, where:

mg̃ −mχ̃0
1
≡ ∆m� mg̃. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the HT signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z → νν), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically

(
W → ` ν

)
in association with jets, where the charged lepton is not reconstructed properly.
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Finally, when considering events with a significant number of jets, tt̄ production in the fully hadronic
decay channel

(
t→ b q q′

)
can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross
section for each point in parameter space. Some of the cuts chosen below are inspired by recent public
results from ATLAS [133] and CMS [134] on monojet searches. Following a standard pre-selection, we
first define a search strategy that selects events with a very hard leading jet

– at most 2 jets
– leading jet must have pT > (leading jet pT )optimal and |η| < 2.0

– second jet is allowed if ∆ϕ(j2, E/T ) > 0.5

– E/T >
(
E/T
)

optimal

where both
(
E/T
)

optimal and (leading jet pT )optimal are determined simultaneously by taking the values in
the range 1− 10 TeV that yields the strongest exclusion.

The second search strategy targeting the compressed regime uses a E/T -based selection with no jet
veto:

– leading jet with pT > 110 GeV and |η| < 2.4

– E/T > (E/T )optimal

with E/T varied in the range (1, 10) TeV. No requirement is placed on a maximum number of jets. Note
that for higher jet multiplicities the production of top quark pairs in the fully hadronic decay mode starts
to dominate over W/Z + jets production.

The discovery reach and limits for the compressed searches for all four collider scenarios in the
full mg̃ versus mχ̃0

1
plane are shown in Fig. 14.

For a 100 TeV proton collider with 3000 fb−1 of data, the exclusion reach for a mass difference
of 5 GeV covers gluino masses of up to approximately 5.7 TeV, with reduced reach for larger mass
differences. For very small mass differences discoveries could be made for gluino masses up to 4.8
TeV. This search improves the exclusion (discovery) reach near the degenerate limit by roughly 1.7 TeV
(1.3TeV) compared to the HT + E/T -based analysis; the HT + E/T -based searches do not begin to set
stronger limits until ∆ & 500 GeV.
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2.4.1.2 Gluino-neutralino with heavy flavor decays

In a gluino-neutralino model with decays to heavy flavour quarks, the gluino is the only kinematically
accessible colored particle. The squarks are completely decoupled and do not contribute to gluino pro-
duction diagrams. The gluino undergoes a prompt three-body decay through off-shell stops, g̃ → t t χ̃0

1,
where t is the top quark and χ̃0

1 is a neutralino LSP. The only two relevant parameters are the gluino mass
mg̃ and the neutralino mass mχ̃0

1
.

The model produces two t t pairs along with considerable E/T (away from the compressed region
of parameter space), and therefore provides an interesting benchmark scenario for searches involving
a combination of hadronic activity, leptonic signatures and b-tagging. A search which requires same-
sign di-leptons (SSDL) is one viable approach to eliminating the SM background since this final state
is highly suppressed in the SM. A SSDL pair is required and any remaining leptons are not allowed to
form a Z-boson, inspired by the CMS collaboration in [135]. We note that this was the only channel
explored in this scenario; it would be interesting to investigate how an all hadronic final state search
would perform at the higher energy machines.

The analysis used to derive the results below requires an SSDL pair, which is very efficient at
eliminating backgrounds. The dominant background is top pair production, where both tops decay lep-
tonically (the di-leptonic channel). There are subdominant backgrounds fromW bb, which are accounted
for by including the BJ Snowmass particle container [110]. All backgrounds simulated for Snowmass
are included and their rates are found to be negligible. Since the SSDL requirement is very effective at
suppressing backgrounds, only a mild cut on E/T is necessary to observe this model. This implies that
this search will also be very effective in the compressed regions of parameter space where mg̃ ' mχ̃0

1
.

After preselection, the following are used as discriminating variables. Eight model points, three
with very low LSP mass, three with medium LSP mass, and two with high LSP mass are used to define
eight signal regions, which rely on some combination of the following cuts.

– Symmetric MT2 >
(
symmetric MT2

)
optimal

– pT >
(
pT
)

optimal for the hardest lepton

– E/T >
(
E/T
)

optimal

– Njets >
(
Njets

)
optimal

– Nb-jets >
(
Nb-jets

)
optimal

– meff >
(
meff

)
optimal

– (HT )jets >
(
(HT )jets

)
optimal

Symmetric MT2 is defined in the canonical way [136–138], where the SSDL pair is used for the
visible signal and the invisible particle test mass is assumed to be zero; meff is defined as the scalar sum
of the pT of all visible objects and E/T .

The results for the gluino-squark-neutralino model are given in Fig. 15. The 14 TeV 300 fb−1

limit is projected to be 1.9 TeV (corresponding to 73 events), and the 3000 fb−1 limit is projected to be
2.4 TeV (corresponding to 67 events). The 14 TeV LHC with 3000 fb−1 could discover a gluino (with
g̃ → t t χ̃0

1) as heavy as 2.0 TeV if the neutralino is massless. The 33 TeV 3000 fb−1 limit is projected
to be 4.0 TeV (corresponding to 243 events). A 33 TeV proton collider with 3000 fb−1 could discover a
gluino (with g̃ → t t χ̃0

1) as heavy as 3.4 TeV if the neutralino is massless. The 100 TeV 3000 fb−1 limit
is projected to be 8.8 TeV (corresponding to 224 events). A 100 TeV proton collider with 3000 fb−1

could discover a gluino (with g̃ → t t χ̃0
1) as heavy as 6.4 TeV if the neutralino is massless. Note that

due to the relatively weak cuts that can be placed on E/T , the SSDL signal is robust against models with
almost degenerate gluino and neutralino.
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Fig. 15: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 5σ discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%

systematic uncertainty is assumed and pile-up is included.

2.4.2 Associated Production
In gluino-squark neutralino models, the gluino, the first and second generation squarks, and the LSP are
all kinematically accessible. The only relevant parameters are the squark mass mq̃, which is taken to be
universal for the first two generations, the gluino mass mg̃, and the neutralino mass mχ̃0

1
. We consider

two scenarios: one in which the neutralino is massless, and the gluino and squark have similar masses;
and another in which the neutralino is also light, but the squark mass is substantially above that of the
gluino mass.

2.4.2.1 Associated production with mq̃ ∼ mg̃

For this study we fix the neutralino mass mχ̃0
1

= 1 TeV, which captures the relevant kinematics for
mg̃,mq̃ � mχ̃0

1
. The decay mode is chosen depending on the mass hierarchy.

This model is a good proxy for comparing the power of searches that rely on the traditional jets
and E/T style hadron collider search strategy to discriminate against background. The final state ranges
from two to four (or more) hard jets from the decay (depending on the production channel) and missing
energy. The current preliminary limits on this model using 20 fb−1 of 8 TeV data are mg̃ = 1750 GeV
and mq̃ = 1600 GeV (ATLAS [139]) assuming a massless neutralino.

Following an identical analysis strategy as for the gluino-neutralino model, described in Sec-
tion 2.4.1, the results for the gluino-squark-neutralino model are given in Fig. 16 and in Table 3. A
100 TeV collider can exclude up to 16 TeV in mass for mg̃ ∼ mq̃.

2.4.2.2 Associated production with mq̃ > mg̃

The gluino-squark-neutralino model in the previous section was probed in a region where mg̃ ∼ mq̃. In
this section, we consider squark-gluino associated production in a region of parameter space in which
the gluinos are relatively light, while the squarks are heavier, but not completely decoupled. This work
is documented more completely in [140], where we have analysed the prospects for squark-gaugino
associated production at a 100 TeV collider.

Squark-gluino associated production is interesting because it has the potential to probe much
higher squark masses than those reached in pair production. Spectra with a hierarchy between the gluino
and the first two generation squarks are predicted in many scenarios, such as anomaly-mediated SUSY
breaking [141, 142], or in “mini-split"-type models [22, 143, 144].

We consider two simplified models for squark-gluino associated production. In both, the particle
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√
s

∫
Ldt 95% CL Exclusion

[TeV] [fb−1] Mass Reach [TeV] N produced

14 300 2.8 155

14 3000 3.2 293

33 3000 6.8 132

100 3000 16 136

Table 3: 95% CL exclusion limits on associated gluino-squark production for various collider scenarios. The last
column indicates the total number of squark pairs produced at a squark mass at the 95% CL exclusion limit for the
given collider scenario.
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Fig. 16: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 5σ discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%

systematic uncertainty is assumed and pile-up is not included.

content consists only of first and second generation squarks, gluino, and a Bino LSP (χ̃0
1 = B̃). The two

models correspond to different choices of the LSP mass:

– Non-compressed: M1 = 100 GeV (results in Fig. 18(a))
– Compressed: mg̃ −mχ̃0

1
= 15 GeV (results in Fig. 18(b))

where we take the first and second generation squarks to be degenerate in mass, and decouple all other
superpartners. Our results are insensitive to the choice ofM1 = 100 GeV in the non-compressed spectra,
as the LSP is effectively massless formχ̃0

1
� mg̃. The compressed spectra are consistent with the gluino-

neutralino dark matter (DM) coannihilation region [145, 146].

Events from squark-gluino associated production have distinctive event topologies, with a hard
leading jet and significant E/T . Both arise primarily from the decay of the heavy squark, since the gluino
is produced at relatively low pT . As in the gluino simplified models above, the dominant sources of
background are top pair production and production of an SM boson + jets [68]. However, both of these
backgrounds fall off rapidly both with increasing pT (j1), E/T , and E/T

√
HT (where HT is the scalar sum

of the jet transverse energies). This can be seen for an example spectrum point in Fig. 17.

The leading jet typically has a pT (j1) ∼ mq̃/2, while the decay of the squark into the LSP
q̃ → qg̃ → 3 qχ̃0

1 results in a highly boosted neutralino and large E/T . As such, heavy squark - light
gluino associated production events have a striking collider signature with very low SM backgrounds.
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Fig. 17: Example distribution of the leading jet pT for pp → q̃g̃, showing that the leading jet pT of the signal
(green) is a good discriminatory variable. Shown here is the spectrum with mq̃ ' 26 TeV and mg̃ ' 4 TeV. All
events shown satisfy E/T > 2 TeV.

We impose the following baseline cuts for both spectra:

HT > 10 TeV, E/T /
√
HT > 20 TeV1/2.

For the non-compressed spectra we impose the additional cut:

8 jets with pT > 50 (150) GeV

where the softer cut is optimized for heavier squarks and lighter gluinos, while the harder cut is opti-
mized for lighter squarks and heavier gluinos. We then scan over leading jet pT and E/T cuts in order to
maximize the significance, σ:

σ ≡ S√
1 +B + λ2B2 + γ2S2

, (12)

where S (B) is the number of signal (background) events passing all cuts, and γ (λ) parameterize system-
atic uncertainties associated with signal (background) normalization. We have verified that the optimal
cuts render any “background" from gluino pair production subdominant to the SM background.

Our results are shown in Figs. 18(a) and 18(b) for the non-compressed and compressed spectra,
respectively. We have assumed a conservative 3 ab−1 integrated luminosity [147].

The solid, long-dashed and short-dashed lines correspond respectively to assuming systematic
uncertainties of 5, 10 and 15% in the signal normalisation, while keeping the background systematic
uncertainty fixed at 20%. The number of background events is quite low due to the hard leading jet pT
and E/T cuts, so the projected reach is relatively insensitive to background systematic uncertainties.

The increased reach for the compressed spectra is due to the additional E/T resulting from the
heavier LSP. We note that the entire neutralino-gluino coannihilation region (whose upper endpoint lies
at mg̃ ≈ mχ̃0

1
≈ 8 TeV [146]) can be excluded if the squark masses are . 28 TeV.

The results of the previous sections imply that gluino pair production is likely to be the discovery
channel for coloured superpartners provided mg̃ . 14 TeV. However, for the compressed spectra, gluino
pair production searches rapidly lose sensitivity. As such, squark-gluino associated production could be
a potential discovery channel for spectra where the gluino and LSP are nearly degenerate.
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Fig. 18: Experimental reach for squark-gluino associated production at a 100 TeV collider with 3 ab−1 integrated
luminosity. Left panel: Experimental reach for spectra with a ∼ 100 GeV LSP mass. Right panel: Experimental
reach for spectra with mg̃ −mχ̃0

1
= 15 GeV. The solid, long dashed and short dashed lines are for and 5, 10, 15%

systematic uncertainty for the signal respectively. Blue lines indicate 5σ discovery reach and red lines indicate
95% exclusion limits. We assume 20% systematic uncertainty in the background.

2.5 Squarks
While naturalness considerations motivate light stops, discussed in Section 2.3, and light gluinos, dis-
cussed in Section 2.4, supersymmetric partners of light-flavor quarks can have significantly larger masses
at little extra fine-tuning cost. However, models that include Dirac gluinos [148] can accommodate light
squark masses in a way that makes them a discovery mode for BSM physics at hadron colliders.

This section summarizes the “squark-neutralino” simplified model discussed in [68, 71], in which
the first and second generation squarks q̃ = ũL, ũR, d̃L, d̃R, c̃L, c̃R, s̃L, s̃R are the only kinematically
accessible colored states. All other SUSY particles are decoupled. The relevant parameters of the model
are the squark mass mq̃, which is taken to be universal for the first two generations, and the neutralino
mass mχ̃0

1
. Squarks are pair-produced via strong interactions, and the only allowed decay is to a light-

flavor quark and the neutralino LSP.

Squark-neutralino simplified models have been probed at the LHC, operating at
√
s = 8 TeV, by

the CMS [149] and ATLAS [150] collaborations. No significant excesses have been observed, and limits
on squark masses are approaching 1 TeV for neutralinos with masses up to 400 GeV.

The final state for the model under study is two high-pT jets with significant E/T . Thus, as with
the gluino and associated gluino-squark searches in Section 2.4, this model is probed with a simple
“jets+E/T ” search strategy, inspired by [132].

Parton-level signal events were generated using Madgraph5 v1.5.10 [111]. All signals involve the
pair production of SUSY particles and are matched using MLM matching up to 2 additional jets. The kt-
ordered shower scheme with a matching scale of qcut=xqcut=100 GeV was used. Note that we do not
account for any possible inadequacies inherent in the current Monte Carlo technology, e.g. electroweak
gauge bosons are not included in the shower.

The gluinos and squarks were treated as stable at the parton level. These events were subsequently
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Fig. 19: Results for the squark-neutralino model. The left [right] panel shows the 5σ discovery reach [95% CL
exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not
included. The dashed green line shows the results of a re-tuned search at

√
s =100 TeV.

decayed and showered using Pythia6 [112] and passed through the Delphes detector simulation [113]
using the “Snowmass" detector parameter card [114]. Total production cross sections were computed at
NLO using a modified version of Prospino v2.1 [78, 79, 131].

Background estimates are made using the “Snowmass 2013” background samples [110]. Gener-
ated processes include W/Z+jets, tt̄, single-top, diboson, t + V and tt̄ + V , and Higgs. QCD multijet
backgrounds were not generated, thus the analysis makes stringent cuts on E/T and related quantities to
ensure that QCD multijet backgrounds will be negligible.

The squark search is optimized in two different regions of the squark-neutralino mass plane. The
first search targets high-mass squarks with relatively-light LSPs using a straighforward jets+E/T strategy.
The second search targets the “compressed” region where mq̃ ≈ mχ̃0

1
.

As with the jets+E/T search for gluinos presented in Section 2.4, a standard event pre-selection is
defined by the following requirements:

– E/T /
√
HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T < 0.4HT

After pre-selection, rectangular cuts on E/T and HT are simultaneously optimized to yield maxi-
mum signal significance. The resulting requirements onHT andE/T are typically a substantial fraction of
the squark mass for low values of mχ̃0

1
. After optimization, the background is dominated by W/Z+ jets,

with smaller contributions from tt̄ production. All other backgrounds are negligible.

The results of the squark search are shown in the solid lines in Fig. 19 for four different collider
scenarios. The 14 TeV 300 fb−1 limit with massless neutralinos is projected to be 1.5 TeV (correspond-
ing to 1022 events), while the 14 TeV 3000 fb−1 limit is projected to be 1.7 TeV (corresponding to
3482 events). The 14 TeV LHC with 3000 fb−1 could discover a squark as heavy as 800 GeV if the
neutralino is massless. The 33 TeV 3000 fb−1 limit with massless neutralinos is projected to be 3.4 TeV
(corresponding to 3482 events), with discovery reach up to 1.4 TeV for massless neutralinos.

The 100 TeV 3000 fb−1 limit with massless neutralinos is projected to be 8.0 TeV (corresponding
to 849 events), with discovery reach up to 2.4 TeV if the neutralino is massless. Compared to the 14
and 33 TeV searches, the squark reach degrades less rapidly as the neutralino mass is increased from the
massless limit. The reduced cross section for light-squark production and the lower jet multiplicity of
the final state combine to reduce the mass reach for this model relative to the stop or gluino searches.

The poor performance of the search at 100 TeV motivated a re-analysis of this model for the 100
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TeV scenario. In the re-optimized analysis, the pre-selection requirements, which were optimized for
the gluino-neutralino model described earlier, are removed. Events are required to have four jets with
pT > 500 GeV, and must satisfy the following topological selection requirements, motivated by the
analysis in Ref. [149]:

– (~p miss
T −∑`,j ~pT) < 100 GeV

– min∆φ(pmiss
T ,leading 4 jets) < 0.6

Requirements on HT and E/T are then simultaneously optimized, as described earlier. The results
of the re-optimized search are shown in the dashed green line of Fig. 19. The exclusion limits improve
modestly, but the discovery contours improve significantly, due partially to the increased signal accep-
tance of the new selection compared to the previous jets+E/T studies. Further improvements are expected
by implementing other analysis techniques demonstrated in Ref. [149], such as HT -binning and the use
of variables like MT,2.

The second analysis strategy targets the compressed region of the squark-neutralino plane, where:

mq̃ −mχ̃0
1
≡ ∆m� mq̃. (13)

Due to the large LSP masses in this scenario, signal events often do not contain substantial HT ,
making a simple jets+E/T search ineffective. In this case we rely on initial state radiation to boost the
SUSY system, creating a monojet+E/T final state.

The compressed analysis is described in detail in Section 2.4, and the results of the search for
four collider scenarios are shown in Fig. 20. For all four colliders, the E/T -based strategy has the best
performance and is used to quantify the sensitivity.

At a 14 TeV collider, it is possible to exclude (discover) squarks in the degenerate limit with mass
less than ∼650 GeV (500 GeV) with 300 fb−1 of data. Increasing the integrated luminosity by a factor
of 10 has a minimal impact on the discovery reach for compressed squark models. This search improves
the exclusion (discovery) reach near the degenerate limit by roughly 300 GeV (150 GeV) compared to
the jets+E/T -based analysis described above; the jets+E/T searches do not begin to set stronger limits until
∆m &50 GeV.

For a 33 TeV collider, it is possible to exclude (discover) squarks in the degenerate limit with mass
less than ∼1.2 (0.7) TeV with 3000 fb−1 of data. This does not substantially improves the discovery
reach near the degenerate limit compared to the jets+E/T analysis, but does improve the exclusion reach
by roughly 200 GeV for ∆m <∼ 100 GeV.

Finally, for the 100 TeV collider, it is possible to exclude (discover) squarks in the degenerate limit
with mass less than ∼4 TeV (3 TeV) with 3000 fb−1 of data. This improves the exclusion (discovery)
reach near the degenerate limit compared to the jets+E/T analysis targeted at the non-compressed region
described above by roughly 1.5 TeV (1.8 TeV) for ∆m <∼200 GeV.

2.6 Electroweakinos
This section describes the discovery prospects for electroweakinos – Wino, Bino and Higgsino – at a 100
TeV pp collider. For studies focussing on the dark matter aspect of electroweakinos, see Sec. 3. We focus
on supersymmetric scenarios where electroweakinos have a mass at around the electroweak-TeV scale,
and all other superparticles are much heavier and beyond the collider reach. We specifically consider
scenarios in which the mass parameters of the electroweakinos are not too close to each other. In this
case, electroweakinos generally do not mix significantly with each other, leaving neutral and charged
components of Winos and Higgsinos almost degenerate and different kinds of electroweakinos well-
separated in mass. We call these nearly degenerate sets of states collectively the Lightest Supersymmetric
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Fig. 20: Results for the squark-neutralino model with light flavor decays for the analyses that target the compressed
region of parameter space. The left [right] panel shows the 5σ discovery reach [95% CL exclusion] for the four
collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not included.

Particle (LSP) (χ0,±
1 ) or Next-to-Lightest Supersymmetric Particle NLSP (χ0,±

2 )6.

Here we very briefly summarize the work in Ref. [74]7 and focus on the direct production of
NLSP pairs – neutralino pair, chargino pair and neutralino-chargino pair – and their subsequent decays
to the LSP and a boson, either the Higgs boson h or W,Z gauge bosons, producing a multiple lepton and
missing transverse energy signature.

χ0,±
2 → χ0,±

1 Z/h, χ0,±
2 → χ±,01 W, (14)

W → `ν, Z → `+`−, h→ ZZ∗,WW ∗ → 4`, 2`2ν (15)

Although final states involving hadronic jets are possible, multilepton signals typically provide the
strongest discovery channels. We divide multilepton signals into two opposite-sign leptons of any flavor
(OSDL), two same-sign leptons of any flavor (SSDL), three leptons (3`), and four leptons (4`), where
leptons can be either electrons or muons.

For each simulated benchmark, we optimize the cuts on the following variables to maximize the
statistical significance with an assumed luminosity of 3 ab−1:

– E/T

– pT (`2)/pT (`1)

– HT (jets)/Meff

– M ′eff = Meff − pT (`1)

– MT (Emiss
T , ``), the transverse masses between missing energy and various combinations of leptons

– Emiss
T /Meff

whereHT (jets) is the scalar sum of all jet pT (we do not veto any jets if present) andMeff is the scalar pT
sum of all jets, leptons and missing energy. We refer the reader to Ref. [74] for more detailed discussions
of the variables, cut optimization, and other selection criteria that were considered.

We present results for the following cases:

– Higgsino NLSP and Bino LSP (Higgsino-Bino) : M2 � µ > M1.
– Higgsino NLSP and Wino LSP (Higgsino-Wino) : M1 � µ > M2.

6In some work they are called the co-NLSP.
7See also [73] for a related work in the framework of a future 100 TeV collider.
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Fig. 21: 2σ exclusion bounds of NLSP electroweakinos via 3` (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb−1. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5σ reach, see Ref. [74].

– Wino NLSP and Higgsino LSP (Wino-Higgsino) : M1 �M2 > µ.
– Wino NLSP and Bino LSP (Wino-Bino) : µ�M2 > M1.

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tanβ and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [151]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tanβ and on the signs of mass parameters.

We collect the 2σ exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tanβ and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [152–154] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab−1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ∼ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab−1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab−1 data will be
challenging (see the corresponding plots in [74]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tanβ and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tanβ and µM2 > 0; for other choices, there can be a (partial) cancellation between µ sin 2β and
M2 terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
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Fig. 22: 5σ discovery reach (solid) and 95%CL exclusion (dashed) for the case of Wino-NLSP and Bino-LSP with
3 ab−1 at a 100 TeV pp collider. Four representative choices of tanβ and signs of mass parameters are shown.
All multilepton channels are combined, but the 3` search contributes most. The contributions from intermediate
Z(blue) or h(red) are separately shown to see the effects of NLSP branching ratios. For more results with different
choices of the parameters, see Ref. [74].

such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result
becomes similar to the upper-right panel. This effect is studied more extensively in Ref. [155–157].
When the branching ratio to the Higgs boson dominates, the reach is relatively low because multi-lepton
signals via the Higgs boson are suppressed by the small Higgs→ WW/ZZ →multileptons branching
ratios.

Other features of the curves in Fig. 22 are driven by the branching ratio toZ bosons, which depends
on mass and other model parameters. A detailed discussion of the reach is provided in Ref. [74]. In the
optimal case, with almost 100% branching ratio to the Z boson, as in the lower-left panel, multilepton
signals can enable the discovery of NLSPs with mass up to about 3 TeV for massless LSP with 3 ab−1.

Multilepton events with small angular separation between the leptons is a common feature of
multi-TeV electroweakino production. Such events are outside of the acceptance for isolated-lepton
searches, but relaxing the requirements on lepton separation in R can significantly improve the accep-
tance for high-mass signals. For example, the luminosity needed to probe a 3.5 TeV Wino is reduced by
a factor of two for ∆R(`, `) > 0.05 compared to ∆R(`, `) > 0.1. Searches for an NLSP heavier than
3 TeV, which often produces collimated leptons, are also significantly improved by retaining events with
near-by leptons. This should be an important consideration for the design of the detectors at future pp
colliders.

In summary, a 100 TeV pp collider, even with just 3 ab−1 of integrated luminosity, can signifi-
cantly improve the reach for electroweakinos compared to the LHC. This provides an important probe
of SUSY even in the difficult scenario in which the colored superpartners are heavy. Of course, even if
SUSY is discovered in other search channels, the discovery and studies of electroweakinos are crucial
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in understanding the nature of SUSY breaking. Finally, even though the study presented here is in the
context of SUSY, the general lesson is applicable to a broader range of possible new physics particles
with only electroweak quantum numbers.

2.7 Long-lived Charged Particles
Due to low backgrounds and increased production cross sections at 100 TeV, exotic processes may be a
promising avenue for discovering new physics. These exotic processes could include displaced vertices
and long-lived charged or coloured objects. In this section we focus on a particular example motivated
in supersymmetry: long-lived charged sleptons.

We study the prospects for long-lived charged particle (LLCP) searches at a 100 TeV pp collider,
compared to the 14 TeV LHC, using time-of-flight measurements. We use Drell–Yan pair-produced
long-lived sleptons as an example. A novel feature of 100 TeV collisions is the significant energy loss
of energetic muons in detectors, which we utilize to discriminate against fake LLCPs. We find that the
14 TeV LHC with an integrated luminosity of 3 ab−1 is sensitive to LLCP sleptons with m . 1.2 TeV,
and a 100 TeV pp collider with 3 ab−1 is sensitive up to∼ 4 TeV, probing interesting dark matter scenar-
ios, including in particular slepton–neutralino co-annihilating WIMP dark matter, and superWIMP dark
matter.

Long-lived charged particles (LLCPs), which are stable on collider–detector timescales, require
specific methods for triggering, reconstruction, and detection. Thus they provide interesting, model-
independent benchmarks for future collider experiments. Furthermore, their discovery will have pro-
found implications for particle physics as well as for cosmology, where their long lifetime may affect the
thermal history of the Universe.

Many extensions of the Standard Model predict LLCPs. Supersymmetry contains LLCPs in large
portions of its parameter space. In the slepton–neutralino co-annihilation scenario [158–161], dark matter
(DM) consists of the lightest supersymmetric particle (LSP), which is the neutralino χ̃0

1. A charged
slepton ˜̀ is the next-to-lightest SUSY particle (NLSP), and is almost degenerate with the LSP. The
slepton NLSP is then long-lived because its decay to the LSP is phase-space suppressed. In the early
Universe, the slepton remains in thermal equilibrium almost until the DM freezes-out, and the DM relic
abundance is diluted through co-annihilations with the NLSP slepton. The correct relic abundance is
obtained for slepton masses m˜̀ . 600 GeV.

Another scenario of interest is superweakly-interacting massive (superWIMP) DM [162, 163].
This scenario is naturally realized in gauge-mediated SUSY breaking, where the gravitino G̃ is the LSP
[164–166] and a charged slepton is often the NLSP. The NLSP slepton has a mass m˜̀ ∼ 1 TeV, and
decays to the LSP with a lifetime

τ(˜̀→ lG̃) = 0.59 sec
(

TeV
m˜̀

)5 ( mG̃

GeV

)2
(

1−
m2
G̃

m2
˜̀

)−4

. (16)

The NLSP freezes out in the early Universe with a relic density larger than the observed value
Ωh2 ' 0.12, and later decays to the LSP. The relic density is then diluted by the mass ratio mG̃/m˜̀.
Assuming that the NLSPs are right-handed sleptons (˜̀R), and that Ngen;LL of them are co-NLSP (1 ≤
Ngen;LL ≤ 3), i.e. degenerate and long-lived, the gravitino relic density is numerically given by [167]

ΩG̃h
2 = Ngen;LL · 0.12

m˜̀
R
mG̃

M2
, (17)

where M varies from 650 TeV to 1.0 TeV as the Bino mass varies from mB̃ = ∞ to m˜̀
R

. Figure 23
shows the relic abundance and NLSP lifetime in this scenario in the slepton–LSP mass plane. The NLSP
slepton with m˜̀

R
& 650 GeV is cosmologically viable, and they are observed as LLCPs at collider if
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m˜̀
R
. 40 TeV. We also show in this figure the expected reach of the 14 TeV LHC and of a 100 TeV

collider, which are the main results of Ref. [167].

For collider experiments, muons constitute the main background to LLCP searches. The only dif-
ference between a hypothetical LLCP and a muon is the (assumed) large mass of the former. Because
of their large mass, LLCPs will typically be produced with a smaller value of relativistic β. This ve-
locity can be measured using the time-of-flight (ToF) to the outer detectors, or through the ionization
energy loss, dE/dx, typically in the innermost layers of a silicon tracking detector. Searches in 100 TeV
collisions can exploit a new handle for discriminating LLCPs from muons [167]. Energetic muons with
p & 100 GeV lose energy through radiative processes, i.e., bremsstrahlung, electron pair-production, and
photo-nuclear interactions [168], in addition to the ionization process, while LLCP’s, with lower values
of β, will radiate significantly less. Therefore, by measuring the energy loss Eloss along the track of
LLCP candidates, we can reduce the number of muon fakes.

We consider a ˜̀
R LLCP with Ngen;LL = 1 as a benchmark model, and assume a worst-case

scenario in which the only production process available is the Drell–Yan direct pair-production pp →
(γ, Z) → ˜̀

R
˜̀∗
R. For this scenario, the CMS (ATLAS) collaboration obtained a lower bound m >

346 (286) GeV on the LLCP mass [169,170], where the LLCP sleptons are identified by ToF and dE/dx
measurements. Note that this is the most pessimistic limit; if heavier SUSY particles can be produced,
LLCPs coming from their cascade decays will also contribute to the signal, leading to more stringent
limits.

The capabilities of future LHC runs and a 100 TeV pp collider are studied in Ref. [167], utilizing
the detector design and background samples from the Snowmass 2013 Community Summer Study [110,
114,171]. Figure 24 summarizes the results. The 14 TeV LHC is expected to probe the slepton–neutralino
co-annihilation scenario with an integrated luminosity

∫
L = 0.3 ab−1, and a high-luminosity run will

discover or exclude 1 TeV slepton LLCPs. Meanwhile, a 100 TeV pp collider will access 3 TeV with∫
L = 3 ab−1.

In the 100 TeV analysis, a qualitatively new event selection is introduced based on the energy
deposit of a candidate LLCP in the calorimeter, Eloss. The energy loss of muons in matter, simulated
with Geant 4.10 [172], is shown in Fig. 25. Based on this, the signal LLCPs, which are initially selected
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by 0.4 < β < 0.95 and PT > 500 GeV, are further required to have Eloss ≤ 30 GeV. The calorimeter
is approximated as iron of 3 m thickness. The Eloss requirement removes 18% of fake LLCPs. If each
event is required to have two LLCPs, the muon-fake background is reduced by 34%. We note that pile-
up may degrade the calorimeter resolution, and encourage a careful study of this issue when designing
future detectors. Note that the Eloss cut is not introduced in the 14 TeV LHC analysis, which has a looser
requirement of pT > 100 TeV.

The resolution of the LLCP mass measurement is also discussed in [167]. Good momentum
resolution is essential to measure the mass of LLCPs. We parameterize the momentum resolution of
high-pT tracks by:

∆pT = A⊕B · pT ⊕ C · p2
T ≈ C · p2

T. (18)

The relevant parameter C in the ATLAS experiment was measured to be C = 0.168(16)/TeV for the
barrel region of the muon spectrometer in early 7 TeV data [173]. Stronger magnetic fields in the tracker,
as well as larger detector dimensions, will improve the momentum resolution, so we assume a value of
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C = 0.1/TeV for the 100 TeV analysis, which gives the result in Fig. 26.

In summary, even for the most pessimistic scenario in which only the channel pp → (γ, Z) →
˜̀
R

˜̀∗
R is available, a 100 TeV pp collider with

∫
L = 3 ab−1 has the capability to discover or exclude

LLCP sleptons with m . 3 TeV.

2.8 Indirect Probes
At the 100 TeV collider it would also be possible to search for the indirect effects of supersymmetry
on SM processes. Two important factors for indirect probes of new physics are precision and energy.
Precision could be delivered at the 100 TeV collider due to the large number of SM events possible
thanks to the large integrated luminosity. For many processes this would render systematic uncertainties
as the dominant limitation in indirect tests of new physics. The high energy that can be achieved at the
100 TeV collider would also enhance the indirect constraints on new physics. Indirect constraints on a
multitude of new physics processes are possible, however we will focus here on a particular example in
supersymmetry.

While light stop squarks would likely be directly observed at a 100 TeV collider, it may also be
useful to search for their indirect effects. In particular precision Higgs coupling constraints, particularly
on the Higgs-glue-glue coupling, would provide a powerful probe of light stop scenarios. In addition, as
a 100 TeV collider would also be able to observe Higgs boson pair production, it is interesting to consider
searching for the indirect effects of light stop squarks on Higgs pair production, as will be considered in
this section.

As with single Higgs production, the dominant production mode for Higgs pairs is gluon fusion.
The stop loop contributes to deviations from the SM di-Higgs rate that can be a powerful indirect signal
of SUSY. The much larger di-Higgs cross section at a 100 TeV collider improves the sensitivity of such
searches compared to the LHC.

The di-Higgs rate also constrains the Higgs potential, so considerable effort has gone into pro-
jecting collider sensitivity. Current LHC searches have used several final states [174–179] and high
luminosity projections for several channels have also been completed [180, 181]. Phenomenological
studies considering a 100 TeV machine have been done for the bbγγ [182, 183], 4W [184], and bb+
leptons [185] channels.

Of course, as detailed in Section 2.3, there also exist very powerful direct searches for super-
partners, stops featuring prominently. However, these searches depend on particular assumptions about
R-parity [186–188] or where the stop lies in the particle spectrum. Work on these limits include the cases
of stops nearly degenerate with the top [59, 60, 189–192], part of a compressed spectrum [58, 193–199],
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Fig. 27: Percentage corrections, relative to the SM, of the single Higgs (red) and di-Higgs (black) production
cross sections at

√
s = 100 TeV in a low energy bin with invariant masses 260 < mhh < 350 GeV (left) and

260 < mhh < 2000 GeV (right). Vanishing A-terms have been assumed and the physical left- and right-handed
stop masses have been varied through the soft masses. The blue contour gives the approximate contour of color
breaking vacuum constraint.

or which decay into light superpartners like staus [200, 201]. Clearly, the insensitivity of the di-Higgs
rate to these types of assumptions make it a valuable complementary search.

This is not to say that the di-Higgs approach is unconstrained. A simple EFT analysis [202]
demonstrates that constraints on single Higgs production limit the deviation due to new colored particles
in the di-Higgs rate (and that the two rates are anticorrelated). However, this analysis is inapplicable
when one or both of the stops are light. Even within the constraints imposed by single Higgs production,
the shape of the di-Higgs distribution can reveal new physics. The SM di-Higgs rate experiences a
cancellation at threshold, so new colored particles, like stops, can have large effects there. This motivates
considering the differential cross section (in invariant mass or pT for example) close to threshold to see
the greatest deviations.

The calculated MSSM di-Higgs cross section [203–206] has been used to explore this idea in
[202]. We consider contours of 10 and 20 percent deviation from the SM in the single Higgs and di-
Higgs production at a 100 TeV collider. The deviations are considered in a small invariant mass bin close
to threshold as well as the more usual large mass bin. The large bin analysis not only makes contact
with previous studies, but highlights features in the spectrum at high invariant mass. These have greater
effect on the total rate at a 100 TeV collider where the gluon luminosity at large masses are significantly
increased.

To demonstrate the mass ranges in which observable effects in di-Higgs production could be ob-
served at 100 TeV, we show contours of constant deviation in the pair production cross section at 100
TeV. In Fig. 27 the stop mixing is set to zero while the soft masses are varied. Figure 28 sets the left-
and right-handed soft masses equal and then varied while the mixing parameter is also varied. In regions
where both stops are heavy and single Higgs production is SM-like the di-Higgs production is also SM-
like. However, when the mass bin close to threshold is considered the fractional change in the di-Higgs
rate increases dramatically, so that there are regions where the effects of the stops are seen in the di-Higgs
rate close to threshold even while single Higgs deviations are small.

When one or both of the stops are light there are regions wherein the single Higgs production is
SM-like, but the di-Higgs rate shows large deviations. This complementarity at low mass enables light
stops to be detected even when direct searches fail and the single Higgs production appears SM-like do
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Fig. 28: Percentage corrections, relative to the SM, of the single Higgs (red) and di-Higgs (black) production
cross sections at

√
s = 100 TeV in a low energy bin with invariant masses 260 < mhh < 350 GeV (left) and

260 < mhh < 2000 GeV (right). Degenerate soft masses have been assumed, while the A-term is varied. The
blue contour gives the approximate contour of color breaking vacuum constraint.

to a cancellation. The discriminating power of these studies depends on the high di-Higgs cross section
at a 100 TeV collider. This can be easily seen by comparing these results to the 14 TeV results in [202].

2.9 Model-Specific Interpretations
Whereas the previous sections have focussed on a more model-independent approach, focussing on spe-
cific superpartners and in some cases simplified models, it is also worthwhile to consider 100 TeV mea-
surements in the context of complete supersymmetric models. The number of free parameters in the
MSSM is too large to study in its entirety, thus we will consider two well-motivated scenarios that make
specific predictions for the pattern of parameters, the ‘CMSSM’ and ‘Mini-Split’ supersymmetry.

2.9.1 Constrained Minimal Supersymmetric Standard Model
The ‘CMSSM’ [207–216] assumes four input parameters, a universal scalar mass at the grand unification
scale m0, a universal gaugino mass m1/2, a universal scalar trilinear soft term A0, the usual Higgs
mixing parameter tanβ, and also the sign of the µ-term. This framework is especially appealing from
a phenomenological standpoint as it predicts the full set of soft parameters at the weak scale from these
input parameters, after RG evolution, and this allows for the calculation and combination of diverse
experimental constraints, from colliders to dark matter experiments. The power of this approach is
that successful phenomenological predictions in one area, for example dark matter, may be tested by
constraining the predictions made from the same parameter set, in this case with colliders. In particular,
we will focus on testing regions of parameter space that predict the observed dark matter abundance by
searching for the coloured particles whose masses are predicted once the parameters are set.

This material is based on [217]. We analyze the nature of the CMSSM parameter space for large
values ofm0 andm1/2, considering the dark matter density prediction and the measurement of the Higgs
boson mass, which are the only constraints capable of imposing upper limits onm0 andm1/2. Generally,
bringing the relic dark matter density within the measured range when the mass parameters are large
requires some specific features in the sparticle spectrum such as near-degeneracy between the LSP, the
NLSP and perhaps other sparticles, as this suppresses the relic dark matter density by introducing new
coannihilation channels during thermal freeze-out. One such possibility is the narrow stop coannihilation
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strip [218–224] where δm = mt̃1
−mχ is small.

Another possibility is the focus-point strip of parameter space [56, 225–229], appearing at larger
values of m0/m1/2, beside the boundary of the region where radiative electroweak symmetry breaking
is consistent. Along the focus-point strip, the Higgsino component of the neutralino LSP is enhanced,
and its annihilations and coannihilations with heavier neutralinos and charginos are enhanced. Various
studies have shown that the focus-point strip may extend to very large values of m0 and m1/2, with
m0/m1/2 ∼ 3 and A0 <∼ m0.8

Figures 29 and 30 display the profiles of the focus-point strip and of the stop coannihilation strip,
along their full lengths. Both pairs of plots show the Higgs mass values calculated using SSARD [217] as

8However, it does not extend to arbitrarily large values of m0 as the Higgs mass measurement constrains m0.
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inputs to FeynHiggs 2.10.0 (solid green lines). Uncertainty estimates of±3 GeV are also shown. Only
portions of the focus-point strips are compatible with the measured Higgs mass (yellow bands) within
these uncertainties, whereas for the stop coannihilation strips there are significant additional uncertainties
from RGE running, and all of the strips are compatible with the measured Higgs mass. In the cases of the
stop coannihilation strips in the lower panels of Fig. 29, we also display as blue lines the mass difference
δm ≡ mt̃1

−mχ along the strips. In the examples shown, this mass difference is generally < mW +mb,
so that the branching ratio for two-body t̃1 → χ + c decay usually dominates over that for four-body
t̃1 → χ + W + b + ν decay. However, this is not always the case, as illustrated by examples in [224].
The branching ratio for t̃1 → χ + W + b + ν decay may dominate when mt̃1

−mχ > mW + mb, as
seen in the right panel of Fig. 30. Thus, a complete search for supersymmetry at 100 TeV should include
searches for both the t̃1 → χ+ c and t̃1 → χ+W + b+ ν decay signatures.

The (near-)vertical lines in Figs. 29 and 30 mark estimates from Ref. [217] of the sensitivities
of the LHC (black - 8 TeV, blue - 300/fb at 14 TeV, green - 3000/fb at 14 TeV), 3000/fb at HE-LHC
(purple) and 3000/fb at 100 TeV (red) along the stop coannihilation strips. The solid lines represent the
extrapolated reaches of the generic jets + /ET searches, and the dashed lines in the lower panels represent
the extrapolated reaches of dedicated searches for t̃1 → c+χ decays, which lose some sensitivity as δm
increases because of the increase in the t̃1 → χ+W + b+ ν decay branching ratio. We see that the 100
TeV collider would be sensitive to the full extents of the focus-point strips and of the stop coannihilation
strip for A0 = 2.3m0, but not all the stop coannihilation strip for A0 = 3.0m0: this is true in general
for A0/m0 >∼ 2.5. We note also that, as discussed in [217], high-precision measurements of electroweak
and Higgs observables could constrain the location along the dark matter strip, providing a potential
consistency test of the supersymmetric model.

2.9.2 Mini-Split Supersymmetry
The spectrum of split supersymmetry (SUSY) contains lighter gauginos (bino, winos, gluinos) and heav-
ier scalars (sfermions and Higgs bosons) [23–25, 143]. Among the gauginos, gluino production can be a
useful way to search for split SUSY at hadron colliders. Pure wino production is smaller by electroweak
couplings. Pure bino production is very small since it has no direct couplings to gauge bosons. Unless
gluinos are much heavier than other gauginos, gluino production can be the dominant production mode
of split SUSY particles. In this section, we study gluino search propects at a 100 TeV pp collider in split
SUSY models [68, 69].

Gluinos are pair produced at pp colliders. Once produced, each gluino subsequently decays to the
lightest gauginos (LSP) – winos or binos – via off-shell squarks as

g̃ → χ0
1jj. (19)

Pair production of gluinos then yields g̃g̃ → χ0
1χ

0
1jjjj. This channel can be searched using an effective

mass variable, Meff . The effective mass is defined as a scalar sum

Meff =
∑

i

pT (i) + Emiss
T , (20)

where the sum runs over all jets with pT > 50 GeV and η < 5.0. Cuts on the data that aid selecting
signal over background include (see also [230]):

– At least two jets with pT > 0.1Meff .
– Lepton veto.
– Emiss

T > 0.2Meff and pT (j1) < 0.35Meff .
– ∆φ(j1, E

miss
T ) < π − 0.2 and ∆φ(j1, j2) < 2π/3

– Meff > 1.5Mg̃.
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Fig. 31: Left panel: The integrated luminosity (fb−1) needed to discover gluino pairs in split SUSY models with
5σ statistical significance is contour plotted [69]. It is assumed that the gluino is more than 3 times heavier than the
LSP so that theMeff analysis is valid. In the upper horizontal axis, the wino mass with the minimal AMSB relation
is also shown. Right panel: The result at a 100 TeV pp collider is shown in terms of the gluino-to-LSP mass ratio
in split SUSY [69]. Blue and red regions are predictions of AMSB models with squark masses and tanβ varied.
See text and Ref. [69] for more details.

The Meff spectrum depends only on the gluino mass and not on the LSP mass, as long as the gluino
is more than 3 times heavier than the LSP [69]. The discovery prospect in terms of the gluino mass is
shown in Fig. 31; the integrated luminosity needed for 5σ statistical significance is shown.

The results can be interpreted in three ways. First, at a 100 TeV pp collider, up to about 7 (13)
TeV gluinos can be discovered with 10 (1000) fb−1 of data. This result applies to any split SUSY models
as long as the gluino is 3 times heavier than the LSP and the decay mode in eq.(19) is dominant; for a
smaller mass difference between the gluino and the LSP, the Meff becomes a less useful observable for
discovery and other strategies may be needed.

Second, if the minimal anomaly-mediated SUSY breaking (AMSB) model [141, 142] is consid-
ered as a particular example of split SUSY models, the reach on the gluino mass can be interpreted
simultaneously as a reach on the mass of the wino dark matter candidate. In the minimal AMSB model,
the wino is the LSP; squarks are one-loop factor heavier than the gluino and out of reach for the collider.
The gluino-to-wino mass ratio, which is key to this interpretation of an indirect wino bound, is almost
fixed, but varies from 8 to 9.5 for the wino mass between 3 TeV and 200 GeV, respectively [69]. The
variation is almost entirely due to the running of gauge couplings, and the Higgsino contribution to the
quantum correction can be ignored. The wino mass corresponding to the gluino mass in this model is
also shown in the upper horizontal axis in left panel of Fig. 31. A 100 TeV pp collider can probe wino
mass up to 900 GeV (1.4 TeV) with 10 (1000) fb−1 of integrated luminosity. It is known that the∼ 3 TeV
pure wino can be a thermal dark matter contributing to full dark matter density [152], but astrophysical
constraints may rule out this possibility [153, 154]. In any event, this very large wino mass is too heavy
to be probed at a 100 TeV collider, yet a smaller wino mass, perhaps as a non-thermal dark matter source,
can be indirectly probed to mass scales above a TeV as seen by this analysis.
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Fig. 32: The MSSM Higgs boson mass as computed with SusyHD [231], taking At = 0 and fermion masses
m1/2 = 1 TeV. (Dependence on the details of fermion masses is mild.) The orange solid curve and the dashed
orange curves show where the central value and the ±1σ variations around it give a 125 GeV Higgs mass. The
dot-dashed purple and blue lines show where the Higgs mass is 134.3 and 113 GeV, respectively. We have marked
four points, two giving the correct Higgs mass (smiling faces) and two giving an incorrect one (frowning faces),
for a closer study.

Finally, the result can be interpreted more generally in terms of the reach on the gluino-to-LSP
mass ratio. This is done in the right panel of Fig. 31. The aforementioned minimal AMSB relation of
the gluino and wino masses can be modified in general split SUSY models. The variations of sfermion
masses between 1 ≤ m

f̃
/mg̃ ≤ 4παS and 3 ≤ tanβ ≤ 50 with |µ| = 4 TeV lead to the blue and

red regions; heavy squarks and Higgsinos modify the gluino mass and the wino mass at one-loop order,
respectively. The dependence on the renormalization scale is much smaller. The region of MLSP and
Mg̃/MLSP probed is under the integrated lumonsity contours in the figure. For more details of each
curve, we refer to Ref. [69]. This interpretation is most useful when a certain split SUSY model predicts
a certain gaugino mass ratio.

2.10 Supersymmetry Post-Discovery at 100 TeV
After any discovery of new particles at the LHC or at 100 TeV, we will want to undertake a detailed study
of their properties. As one example, suppose that a gluino is discovered with a mass at the TeV scale,
which decays through cascades to lighter electroweakinos. A 100 TeV collider would be an effective
gluino factory: 3 ab−1 of data would lead to 2 × 107 gluino pair production events if mg̃ = 2 TeV and
105 events ifmg̃ = 5 TeV [82]. Hence, a gluino discovery would be followed up by an extensive program
of measuring gluino branching ratios and couplings. In this section, we will outline one particular aspect
of such studies: a test of the MSSM prediction of the Higgs mass in split SUSY scenarios where the
scalars are significantly heavier than the gluino.

The MSSM at tree level predicts that the Higgs mass is less than the Z mass, but loop effects can
lift it [232–235]. This has led to extensive effort toward high-precision theoretical calculations of the
Higgs mass in the MSSM, recently reviewed in [236]. The result primarily depends on the stop mass
matrix and tanβ. For relatively low stop masses, large values of tanβ and a sizable mixing parameter
At can achieve a 125 GeV Higgs mass, and the stops could be directly probed at 100 TeV. Here we will
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intermediate region, the scalar mass can be indirectly probed through gluino branching ratios (which are shown
here for the choice of tanβ that achieves a 125 GeV Higgs mass for the given m0) [238].

focus on the case of heavy scalars with small mixing (At ≈ 0), which achieve a 125 GeV Higgs mass at
relatively low values of tanβ. Taking all scalars to have mass m0 and all gauginos to have mass 1 TeV,
contours of Higgs boson masses in the (m0, tanβ) plane are shown in Fig. 32. The orange curves show
the region consistent with the measured Higgs mass. We have singled out two points on this curve, one
with 30 TeV scalars and tanβ ≈ 4 marked L (the L for “low mass” scalars, though they are still quite
heavy!) and one with 1000 TeV scalars and tanβ ≈ 2 marked H (the H for “high mass”), for special
attention. For comparison, we have also selected two other points at the vertices of a rectangle, L and

H , which predict a Higgs mass differing from the true value by about 10 GeV.

A future study should thoroughly explore the whole parameter space, but for now we highlight the
low scalar mass at 30 TeV and high scalar mass at 1000 TeV as benchmarks, for both collider physics
and model-building reasons. From the collider physics viewpoint, scalars that are modestly heavier than
the gluino can be searched for directly in q̃g̃ associated production events [237]. Preliminary estimates
for 100 TeV suggest that direct searches for this signal will probe first-generation squarks up to about
30 TeV [140]. On the other hand, scalars that are much heavier than the gluino would imply measurably
long gluino lifetimes [22, 24, 43]. For a 2 TeV gluino, the threshold at which lifetimes are measurable
is roughly m0 ≈ 1000 TeV, corresponding to a 100 micron lifetime. Improved detector technology
might push to lower lifetimes, but the lifetime goes as the fourth power of the scalar mass, so dramatic
improvements in scalar mass reach are unlikely. Thus, the region of scalar masses 30 TeV <∼ m0 <∼
1000 TeV must be probed in a different way. The gluino branching ratio to gluon plus higgsino has been
discussed as a key probe in this region [238] due to its logarithmic sensitivity to scalar masses [239,240].
The parameter space and the possible probes are summarized in Figure 33.

There is also a theoretical case for why the 30 TeV and 1000 TeV scalar mass scales are of
particular interest. Many theories predict that scalars are roughly a loop factor heavier than gaugi-
nos, among them anomaly mediation without sequestered scalars [141–143] and some moduli media-
tion scenarios [144, 241–243]. For weak-scale gauginos, these models predict scalars not far from the
30 TeV scale. A SUSY breaking scale near 30 TeV also allows gravitino or moduli decays just be-
fore BBN [244–248]. The higher 1000 TeV scale could be appealing from the point of view of flavor
physics [23,249,250]. It is predicted in certain sequestered scenarios [251–253] that rely on approximate
no-scale structure [254–257]. These theories provide a strong motivation for distinguishing between the
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low and high scalar mass benchmarks when the scalars are neither light enough to directly produce nor
heavy enough to cause the gluino lifetime to be measurable.

2.10.0.1 Gluino observables sensitive to scalar masses and tanβ

Figure 32 makes it clear that we must probe both the scalar mass scale (especially the stop mass scale)
and tanβ in order to compare experimental results with the MSSM Higgs mass prediction. An earlier
study has discussed the determination of the scalar mass in some detail, albeit at the LHC rather than
100 TeV [238]; we are not aware of a similarly detailed study on the determination of tanβ. We will
assume that M3 > M1,M2, µ, so that the gluino can decay to any of the neutralinos and charginos. With
a reasonable theoretical prior, this is at least an order-one fraction of the interesting parameter space.
Any of the neutralinos and charginos will cascade promptly to the LSP. Gluino decays arise only from
dimension-six operators generated by integrating out squarks.

2.10.0.2 Scalar mass measurement

In the absence of a lifetime measurement, ratios of tree-level gluino decays probe the ratios of different
squark masses but not the overall mass scale. However, the one-loop decay g̃ → gH̃0

1,2 of a gluino to
a gluon and a neutral higgsino has an additional logarithmic sensitivity to the scalar mass scale. This
results from a loop diagram that begins with the four-fermion operator responsible for decaying a gluino
to a higgsino, a top quark, and an anti-top quark; closes up the top loop; and adds a radiated gluon.
As a result, the ratio of two- to three-body decays is a clean probe of the scalar mass scale, with the
approximate dependence [239]:

Γ(g̃ → gH̃0)

Γ(g̃ → tt̄H̃0)
∝ m2

t

m2
g̃

log2
m2
t̃

m2
t

. (21)

We will assume that the decay widths to the two neutral higgsinos are summed over, because they can
be difficult to distinguish from one another experimentally. Resummation flattens out the scalar mass
dependence at large mt̃, but over the range we are interested in this is a relatively small effect [240].
Furthermore, because both the numerator and the denominator depend in the same way on the stop mass
and the top Yukawa coupling, this ratio is relatively insensitive to flavor-dependent physics (e.g. the stop
mass compared to the first- and second-generation squarks) or to the value of tanβ.

2.10.0.3 Measurement of tanβ

To measure tanβ we can exploit Yukawa couplings Yu ∝ 1/ sinβ and Yd ∝ 1/ cosβ appearing in
higgsino couplings. One probe is the rate of a gluino decay to higgsino relative to the rate to gauginos:

Γ(g̃ → tt̄H̃0)

Γ(g̃ → tt̄B̃0)
,

Γ(g̃ → tt̄H̃0)

Γ(g̃ → tt̄W̃ 0)
∝ 1

sin2 β
. (22)

If the left- and right-handed stop masses are very different, measuring decays to both binos and winos
can help to resolve the underlying physics. A disadvantage of this observable is that the dependence on
tanβ is mild over the range we are most interested in: systematic uncertainties in efficiencies at colliders
of order 10% could prevent us from drawing conclusions.

An observable with a steeper tanβ dependence is the decay rate of the gluino to bottom quarks
and a higgsino. In particular, if we can measure the ratio between two decays to higgsinos, we can obtain

Γ(g̃ → bb̄H̃0)

Γ(g̃ → tt̄H̃0)
∝ tan2 β. (23)

The disadvantage is that the decay rate in the numerator is very small for the tanβ values we are in-
terested in. We could, alternatively, measure the ratio Γ(g̃ → bb̄H̃0)/Γ(g̃ → gH̃0). This has the same
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Fig. 34: Gluino branching ratios as probes of the SUSY scalar mass scale and tanβ. Top row: M1 = 200 GeV,
M2 = 400 GeV, µ = 800 GeV, and M3 = 2 TeV. Bottom row: M1 = 700 GeV, M2 = 1 TeV, µ = 200 GeV, and
M3 = 2 TeV. Notice that the bb̄ width has been rescaled by a factor of 10 so that the green curve fits in the plot.

tanβ dependence, is a larger ratio, and the events being compared may be more similar kinematically.
The denominator is sensitive to the scalar mass scale, as noted above, but if this dependence has already
been measured we can separate out the tanβ dependence.

The observables Γ(tt̄H̃0)/Γ(gH̃0), Γ(tt̄H̃0)/Γ(bb̄H̃0), and Γ(tt̄H̃0)/Γ(tt̄B̃0), including resum-
mation effects, are shown in Fig. 34. From the plot we see that, as expected, the first observable (in blue)
is sensitive to the scalar mass scale but independent of tanβ, while the latter two observables (in green
and red) are sensitive to tanβ but only weakly depend on the scalar mass scale. (This very mild depen-
dence is due to renormalization group mixing among the different dimension-six operators.) Notice that
the bb̄H̃0 width has a much stronger sensitivity to tanβ but is small—the curve has been rescaled by a
factor of 10 to fit in the plot.

2.10.0.4 Electroweak observables sensitive to tanβ

We can also measure tanβ through purely electroweak physics. The obvious place to look is decays
purely in the electroweakino sector. See [258] for a recent detailed discussion of branching ratios in
this sector. Depending on the relative ordering of masses, some decays may be effectively absent or
inaccessible, so different strategies are necessary. A less obvious probe of tanβ arises from precision
measurements of the Higgs boson.

49

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

489



2.10.0.5 Higgsino LSPs

If higgsinos are at the bottom of the spectrum, binos and winos will both promptly decay to higgsinos
directly through the supersymmetric gauge interaction. In this case, the branching ratios carry very little
information on tanβ. However, if events can be found (for instance in wino or gluino pair production)
in which the decay H̃0

2 → `+`−H̃0
1 occurs (through an off-shell Z-boson), the dilepton invariant mass

spectrum is sensitive to the higgsino mass difference, which is dependent on tanβ. However, this is a
small effect: the leading mass splitting is ∼ m2

Z/M1,2 and independent of tanβ, with a small sublead-
ing term of order µm2

Z/M
2
1,2 sin(2β) (see e.g. [20]). The fraction of events in which this Z∗ decay is

observed is also weakly sensitive to tanβ.

2.10.0.6 Higgsinos heavier than gauginos

Given a spectrum with µ > M1,2, decays of winos to binos (or vice versa if M1 > M2) may be
observable, either in cascades from gluinos or higgsinos or from direct wino production whenM2 > M1.
The branching ratios in these decays depend on tanβ. To understand this, integrate out the higgsino:

Leff ⊃
gg′

µ
B̃W̃ iHu · T iHd +

gg′

2µ2
B̃σ̄µW̃ i†

(
H†di

↔
Dµσ

iHd −H†ui
↔
DµT

iHu

)
+ h.c. (24)

With M2 > M1 for concreteness, the first term leads only to W̃ 0 → hB̃ while the second leads to
W̃ 0 → ZB̃. Because the first term involves HuHd and the second involves |Hd|2 , |Hu|2, the tanβ
dependence of these widths will be different. In the limit M2/µ→ 0, (mh,mZ)/M2 → 0, and M1/M2

fixed, the ratio of decay widths scales as

Γ(W̃ 0 → hB̃0)

Γ(W̃ 0 → ZB̃0)
≈ 4 tan2(2β)µ2

M2
2

(
1 +M1/M2

1−M1/M2

)2

. (25)

This is potentially an interesting probe of tanβ.

2.10.0.7 Higgsinos in the middle

Now consider the spectrum M2 > µ > M1. (The case M1 > µ > M2 has similar physics, but
binos are not directly produced, so the physics would have to be probed in gluino cascades.) Because
winos decay to binos only through mixing with the higgsino, the overwhelming majority of decays will
involve a two-step cascade W̃ → H̃ → B̃. The summed decay rates Γ(W̃ 0 → ZH̃0

1 ) + Γ(W̃ 0 →
ZH̃0

2 ) are independent of tanβ at tree-level, but the individual amplitudes for these two processes go
approximately as sinβ ∓ cosβ. As a result, when tanβ = 1, some decays are entirely shut off: we
find that W̃ 0 → ZH̃0

2 , hH̃
0
1 occur and W̃ 0 → ZH̃0

1 , hH̃
0
2 do not. A similar statement is true for the

neutral higgsino decays to bino. Hence, for small tanβ, two-step decays involving two Higgses or two
Z bosons occur much more often than mixed decays with one Z and one h. That is:

Γ(W̃ 0 → ZhB̃0)

Γ(W̃ 0 → ZZB̃0) + Γ(W̃ 0 → hhB̃0)
∝
(

sinβ − cosβ

sinβ + cosβ

)2

(26)

is a probe of how much tanβ deviates from 1.

2.10.0.8 Higgs boson branching ratios

In split SUSY scenarios there is one light Standard Model-like Higgs boson. Its decays are affected
only by loops of electroweakinos, which primarily modify the partial width to two photons (since this
is already a small loop effect in the Standard Model). The deviation from the Standard Model width is
given by

Γ(h→ γγ)

Γ(h→ γγ)SM
≈ 1 +

0.84m2
W sin(2β)

µM2 −m2
W sin(2β)

. (27)
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Fig. 35: Deviation in h → γγ branching ratio from loops of charginos. Solid curves: tanβ = 2. Dashed orange
curves: tanβ = 4.

This is a small effect: only about a 2% increase in the branching ratio when µ ≈ M2 ≈ 500 GeV and
tanβ ≈ 2, as illustrated in Fig. 35. Neither the HL-LHC nor FCC-ee will measure the Higgs coupling to
photons accurately enough to make use of this probe. However, there is a chance that 100 TeV can make
a very precise measurement of the ratio Γ(h → γγ)/Γ(h → ZZ∗). Many systematics (e.g. involving
luminosity and production cross section) cancel in this ratio, so that hadron colliders can cleanly measure
it [259, 260]. If a sub-percent-level measurement of this ratio can be made, this could be an interesting
alternative probe of tanβ provided that the two charginos are not too heavy.

2.10.0.9 Collider physics: measuring the observables

We will present some preliminary collider studies here, focusing mainly on SUSY backgrounds (i.e. con-
fusion among different decay modes). Of course, Standard Model backgrounds must be assessed, but
cuts on missing pT and HT can help to reduce them, and in any case distinguishing different SUSY pro-
cesses is a necessary step in measuring relative decay widths. A more extended study is in progress.In
simulating events we use Pythia [261] supplied with a decay table computed by SUSY-HIT [262] and
modified to include gluino decays as computed in [240]. Jets are clustered using FastJet [263, 264]. For
these preliminary studies we forego detector simulation.

2.10.0.10 Measuring the scalar mass scale: an example with higgsino LSPs

First we focus on a spectrum with M3 = 2 TeV, M2 = 1 TeV, M1 = 700 GeV, and µ = 200 GeV.
For this spectrum, due to phase space factors, gluinos decay dominantly to third-generation quarks and
higgsinos: depending on our choices of m0 and tanβ, we have roughly 33 − 36% tt̄H̃0 decays and
34 − 38% tb̄H̃− or t̄bH̃+ decays. Our first task is to measure m0 via two-body decays as discussed in
Section 2.10.0.2: Br(g̃ → gH̃0) ≈ 5% ( H , H) or 2% ( L, L).

We attempt to identify events with a two-body decay on one side and a three-body decay on the
other. Our final states, then, are

g̃g̃ → g + (tt̄ or tb̄ or t̄b) + pmissing
T + soft + ISR/FSR. (28)

We take advantage of the fact that, neglecting events with hard ISR, if we remove the gluon from the
event we expect all other visible objects to have an invariant mass less than Mg̃. We find that the gluon is
typically one of the two hardest jets in the event, so we select events in which removing one of the leading
jets leaves a system with relatively low invariant mass. Then we attempt to test if the leading jet we

51

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

491



104. 105. 106. 107.
1000

104

105

106

107

108

m0 [GeV]

In
fe
rr
ed
m
0
[G
eV

]

Scalar Mass Inference: Mg∼ = 2 TeV

Fig. 36: Inference of the scalar mass scale m0 from the measurement of the rate of 2-body decays g̃ → gH̃0. The
parameters are M3 = 2 TeV, µ = 200 GeV, M1 = 700 GeV, and M2 = 1000 GeV. The orange band represents
1σ statistical uncertainty with 3 ab−1 of data, while the grey band corresponds to a 10% systematic uncertainty on
cut efficiencies times cross section times luminosity.

removed is actually a gluon by requiring it to have little hard substructure as measured by N -subjettiness
ratio variables τN/τN−1 [125, 265] (computed with the winner-take-all axis and β = 1 [266]).

We have found a set of cuts with efficiency ε2 body ≈ 1.5 × 10−3 on events containing a 2-body
gluino decay but only ε3 body ≈ 1.3× 10−4 on other events:

HT > 2 TeV, pmissing
T > 1.6 TeV, pT (j1) > 1 TeV, (29)

Njet < 4,
∣∣∣∆φ(j2, p

missing
T )

∣∣∣ > 1.8, M(jgluon removed) < 1.2 TeV, (30)

τ2/τ1(jgluon) > 0.65, τ3/τ2(jgluon) > 0.65, muons near jgluon vetoed. (31)

Here jgluon is either the first or second highest pT jet in the event, chosen so that removing this jet and
computing the mass of the others—denoted M(jgluon removed)—gives the smallest result. We define
Njet as the number of jets with |η| < 2.5 and pT > 100 GeV and HT as the scalar sum of the pT of
those jets. We veto events with any muon of pT > 25 GeV near our gluon candidate, which helps reduce
the number of b- or t-jets faking our leading gluon. After these cuts, we can obtain samples that contain
a significant fraction of 2-body decays: roughly 30% for the points L and L and 60% for the points

H and H . In 3 ab−1 of data, these samples will contain somewhere around 3000 to 6000 events
(depending on the two-body decay rate), so despite the relatively low efficiency, statistical uncertainties
can be small.

The estimated performance of a simple cut-and-count analysis is presented in Fig. 36. The or-
ange band shows that statistical uncertainty alone can be quite small. The gray band represents a 10%
systematic uncertainty in the event rate. This corresponds to about a factor of 2 to 3 uncertainty in the
scalar mass scale, bracketing L to the range 13 − 74 TeV and H to 400 − 3200 TeV. As we have
emphasized above, measuring ratios (rather than simply counting events as we have done here) can help
to cancel the sizable uncertainties in luminosity and production cross section. However, it may not be
possible to eliminate other uncertainties, for instance in the efficiencies of some cuts. We emphasize that
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this is a preliminary analysis; the cuts can be further optimized, and a more sophisticated multivariate
analysis would likely be effective. On the other hand, we have been somewhat optimistic in choosing a
2 TeV gluino mass, as both the production rate and the two-body branching fraction decrease for heavier
gluinos. Further study will be required to optimize cuts in different kinematic regions and map out the
expected statistical precision.

2.10.0.11 Measuring tanβ: an example with heavy higgsinos

Now we turn to a spectrum with M3 = 2 TeV but M1 = 200 GeV, M2 = 400 GeV, and µ = 800 GeV.
In this case, as discussed in Section 2.10.0.6, the relative decay rate of neutral winos to Z bosons and
Higgs bosons can probe tanβ. We examine the case of electroweakino production: in 3 ab−1 we expect
about 7× 106 wino pair production events (including both charged/charged and neutral/charged).

We search for W̃ 0 → ZB̃0 in events with Z → `+`−, by requiring two opposite-sign same-flavor
isolated leptons with 80 GeV < m`` < 100 GeV, two jets with pT > 30 GeV, and pmissing

T > 200
GeV. Opposite-sign opposite-flavor pairs in the Z mass window are subtracted to eliminate contributions
from W bosons on both sides of the event. The efficiencies of the cuts are εW̃→ZB̃ ≈ 8.7 × 10−3 on
events containing a neutral wino decaying to a Z boson and bino but only εother ≈ 1.6× 10−4 on other
events. After these cuts, we can obtain samples that contain a significant fraction of wino decaying to
a Z boson for tanβ ≈ 4: roughly 55% for the points L and H . In 3 ab−1 of data, these samples
will contain somewhere around 1500 to 3000 events after the cuts, so again despite the relatively low
efficiency, statistical uncertainties can be small.

The estimated performance of a simple cut-and-count analysis is presented in Fig. 37. Analogous
to Fig. 36, the orange band represents the small statistical uncertainty while the gray band represents
a 10% systematic uncertainty in the event rate. This corresponds to about a factor of 10% variation in
determining the value of tanβ. In our analysis, we only considered the SUSY background and didn’t

53

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

493



take into account of the SM background. The result should be taken as a rough estimate to motivate a
further refined analysis.

2.10.0.12 Conclusions

A 100 TeV hadron collider has tremendous potential to address many deep fundamental questions in
particle physics, such as the underlying mechanism that generates the observed Higgs mass. In this
section, we have discussed how to use precision measurements of gluino and neutralino decays at a 100
TeV collider to test the Higgs mass explanation in the MSSM with gauginos at around a TeV. In the
MSSM, the Higgs mass is raised from the tree-level predication by the loop contribution of heavy stops
to the observed value. Direct searches and lifetime measurements, which have been discussed already
in the literature, still leave untouched a large and interesting region of parameter space with scalar mass
in the range (30–1000) TeV and tanβ between 2 and 4. Among all observables in gaugino decays,
the two-body decays of gluinos are loop-induced and logarithmically sensitive to the scalar mass scale.
We have demonstrated that in a scenario with a higgsino LSP, the scalar mass could be inferred from
measuring the gluino two-body decays with a factor of 2 to 3 uncertainty at a 100 TeV collider with 3
ab−1 data. There are several different approaches to measure tanβ from either gluino decay or wino or
higgsino decays. We use winos decaying to a Z boson in a scenario with a bino LSP and wino lighter
than higgsino as an example to demonstrate the potential of determining tanβ with a 10% uncertainty.
All the studies are still preliminary, yet they demonstrate the great potential of a 100 TeV collider in
precision measurements of SUSY particles at around TeV scale or below and unraveling the mystery of
the Higgs mass. A more thorough and refined analysis will be implemented and presented soon [267].

2.11 Summary of Phenomenological Studies
The supersymmetric aspect of an experimental program at 100 TeV is very rich. While comprising just
the tip of the iceberg, the phenomenological studies of Sections 2.2 to 2.10 demonstrate a varied frontier
of exciting signatures. In Fig. 38 we summarise the results of these studies in the context of simplified
models assuming 30 ab−1 of integrated luminosity.

Let us revisit the broadly motivated mass ranges outlined in Section 2.1. While supersymmetry
may exist as a new spacetime symmetry at any energy, various considerations converge towards particular
mass ranges for superpartners. Dark matter considerations point towards gauginos and/or Higgsinos in
the . O(10 TeV) range. Gauge coupling unification is similarly suggestive for the gauginos, although
the upper bound on gaugino masses is less robust than for thermal dark matter. The Higgs mass points
towards a range of scalar masses, however for tanβ & 4, squarks, in particular stop squarks, should
be expected below . O(10’s TeV). If naturalness is desired, all coloured sparticles should be within
. O(few TeV), and the stops and gluinos as light as granted by current bounds.

Comparing these expectations with the results in Fig. 38 we see that much of the supersymmetric
parameter space relevant to core puzzles in high energy physics, such as dark matter, grand unification,
the Higgs mass, and naturalness, can be covered. Let us now consider the context of such measurements
in light of our current picture of fundamental physics at the LHC, particularly with respect to naturalness
of the weak scale. We will then look towards the future potential impact these measurements could have
on our understanding of fundamental physics.

The primary goal of the LHC is the exploration of physics at the weak scale. Hence, testing
the naturalness principle in the Higgs sector is a central issue. At the time this document is written,
the LHC verdict on naturalness is not yet final. Admittedly, data at

√
s = 8 TeV and preliminary

results at 13 TeV strongly disfavour the most straightforward implementations of natural low-energy
supersymmetry, which favoured new weakly-interacting particles in the 100 GeV domain and strongly-
interacting particles well below the TeV scale.

If the LHC reveals new phenomena, these discoveries will redesign the priorities of future high-
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Fig. 38: Sensitivity for simplified models considered in this section for the LHC, HL-LHC, and a pp collider
at
√
s = 100 TeV with data samples of 3 ab−1 and 30 ab−1. The reach for strong-production at 14 TeV is

quantified by 95% confidence level upper mass limits on the mass of squarks or gluinos (or both) when the LSP
is massless, and is taken from ATLAS and CMS projections [132, 268–271], or from this document in the case
of the g̃g̃ → tt̄χ̃0

1tt̄χ̃
0
1 model. Sensitivity for

√
s = 100 TeVand 3 ab−1 is quantified by the 5σ discovery reach

presented in this document. The 30 ab−1 reach is from this document when available, otherwise it is projected
from the 3 ab−1 reach using the Collider Reach web tool [272].

energy physics. Although today it is impossible to say what those priorities will be, it is hard to imagine
a new-physics scenario, supersymmetric or not, which will not motivate us to continue explorations
towards energies higher those those of the LHC. As illustrated in this document, the physics program at
100 TeV is rich enough to provide an excellent tool to carry out such explorations at high energies.

If no discoveries are made at the LHC, the simplest versions of low-energy supersymmetry would
be ruled out. This would be a momentous result, as supersymmetry has played a central role in the
conceptual development of our field for decades. In this sense, the era of natural supersymmetry would
come to an end. However, in such an instance it would be incorrect to conclude that the naturalness
principle is misguided. Excluding new dynamics at the weak scale would mean ruling out our favoured
solutions to the naturalness problem, but not the problem itself, and knowing how nature deals with
Higgs naturalness will remain a standing issue. This reframing of the naturalness question would imply
the loss of the logical connection between Higgs naturalness and new phenomena at the TeV scale. If
this connection is lost, what would be so special about the energy scale explored by a 100 TeV collider
and why should we expect new phenomena in that range?

In spite of its virtues at a more fundamental level, supersymmetry may not be the answer to Higgs
naturalness. Speculations have been made about logical schemes that deal with Higgs naturalness without
dynamics at the weak scale, such as the anthropic principle or cosmological relaxation. Intriguingly, even
within these very different schemes, motivations for supersymmetry emerge, although at a scale different
than the weak scale and also for different reasons. In the context of unnatural setups, considerations
discussed in Section 2.1 about dark matter, gauge coupling unification, or the Higgs mass, or the limited
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cutoff that can be achieved in cosmological relaxation scenarios call for supersymmetry with a certain
preference for the O(10’s)TeV range. Figure 38 demonstrates that this energy range is prime territory
for a 100 TeV collider.

To summarise, speculations about the role of supersymmetry in ‘unnatural’ theories suggest that
a future physics program should not be regarded as an extension of LHC searches, but rather as concep-
tually different. If the LHC is the machine of the naturalness era, future colliders would become the
machine of the post-naturalness era. An era in which we are forced to change the focus of our basic
questions about particle physics, in which we contemplate partly unnatural theories or theories where
naturalness is realised in unconventional ways, and in which supersymmetry may enter in a new guise.
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3 Dark Matter
3.1 Introduction
Today there is an overwhelming amount of evidence from astrophysical observations that a large fraction
of the observed matter density in the universe is invisible to us. This so called Dark Matter (DM) makes
up 26% of the total energy density in the universe, and more than 80% of the total matter [273]. Despite
numerous observations of the astrophysical properties of DM, not much is known about its particle
nature. The main constraints on a particle DM candidate χ are that it (see e.g. [274] for a more detailed
discussion)

– should gravitate like ordinary matter
– should not carry color or electromagnetic charge
– is massive and non-relativistic at the time the CMB forms
– are long lived enough to be present in the universe today (τ � τuniverse)
– does not have too strong self-interactions (σ/MDM . 100 GeV−3).

While no SM particles satisfy these criteria, they do not pose very strong constraints on the properties of
new particles to play the role of DM. In particular the allowed range of masses spans almost 80 orders
of magnitude. Particles with mass below 10−22 eV would have a wave length so large that they wipe
out structures on the kPc (kilo-Parsec) scale and larger [275], disagreeing with observations, while on
the other end of the scale micro-lensing and MACHO (Massive Astrophysical Compact Halo Objects)
searches put an upper bound of 2 × 10−9 solar masses or 1048 GeV on the mass of the dominant DM
component [276–278].

Clearly we can not hope that any future collider will probe the full mass range allowed by astro-
physical observations. However there is a very broad class of models for which theory motivates the
GeV - TeV mass scale, and which therefore could be in range of a future hadron collider operating at a
centre-of-mass energy around 100 TeV. If at any point in the history of the early universe the DM is in
thermal equilibrium with the SM particles, then we can estimate its relic density today by studying how
it decouples from the SM, the so called freeze-out. For particles which are held in equilibrium by pair
creation and annihilation processes, (χχ↔ SM) one finds the simple relation that [279]

ΩDMh
2 ∼ 109 GeV−1

Mpl

1

〈σv〉 , (32)

where 〈σv〉 is the velocity averaged annihilation cross section of the DM candidate χ into SM particles,
ΩDMh

2 ≈ 0.12 is the observed relic abundance of DM [273], Mpl is the Planck scale and order one
factors have been neglected.

For a particle annihilating through processes which do not involve any larger mass scales, the
annihilation cross section scales as 〈σv〉 ∼ g4

eff/M
2
DM, where geff is the effective coupling strength

which parameterises the process. It follows that

ΩDMh
2 ∼ 0.12×

(
MDM

2 TeV

)2( 0.3

geff

)4

, (33)

i.e. that a DM candidate with a mass at or below the TeV scale and which couples to the SM with a
strength similar to the weak interactions naturally has a relic density in agreement with observations.
There are several variations of this simple approximation which modify the preferred mass range, e.g.
when the annihilation processes involve heavier states, when it is velocity suppressed, assisted by co-
annihilation or increased through a resonance [158]. Including these effects, one finds that weakly inter-
acting massive particles (WIMPs) can reproduce the observed relic abundance when their mass is in the
10s of GeV to few TeV range. On one side this is the main reason why we hope to find evidence for
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DM at the LHC, but on the other hand it already tells us that a higher energy collider will be necessary
to efficiently probe the WIMP paradigm for DM.

As the mass of DM increases, Eq. (32) tells us that to maintain the observed relic abundance the
annihilation cross section also has to increase. This becomes inconsistent with unitarity of the annihila-
tion amplitudes at MDM . 110 TeV, the so called unitarity bound on the mass of DM [280, 281]. Most
well motivated models of WIMP DM do not saturate this bound, but rather have upper limits on the DM
mass in the few TeV range. One main aspect of this document is to determine how well these models
can be probed currently and with a future collider experiment.

For DM masses at the lower end of the WIMP spectrum, one typically expects that annihilation
proceeds through a mediator with Mmed > 2MDM. Then the annihilation cross section is suppressed by
(M4

DM/M
4
med). Assuming that no mediator particle exists with a mass below the Higgs mass, then this

puts a lower bound of a few GeV on the mass of the WIMP DM candidate, while an even wider range
of DM masses becomes accessible if the mediator is lighter but very weakly coupled to the SM.

In the first part of this report, we will focus on WIMP scenarios where the relic density of DM is set
by non-relativistic annihilation (freeze-out) to SM particles, either through a SM portal or through new
mediators. Obviously if new mediators are present, searching for or constraining them directly might
be possible before the DM itself becomes discoverable, and we will discuss how this interplay evolves
when going to higher energies.

There are DM models which do not fall into the WIMP category as defined above, but which are
still relevant for DM searches at hadron colliders. Mainly these are models where the DM is in thermal
equilibrium with the SM at some point, but the relic abundance is not determined by the usual freeze out
mechanism. The best known examples are models of asymmetric DM (ADM), where the relic abundance
is determined by an asymmetry in DM versus anti-DM in the early universe [282, 283], possibly related
to the baryon asymmetry of the universe, and models where the DM annihilates to an additional (lighter)
state in the dark sector first, which later decay to SM particles:

χχ→ aa followed by a→ SM . (34)

Necessary ingredients in both cases are first an interaction to bring the dark sector into thermal equilib-
rium with the SM at early times, and furthermore a way to transfer entropy from the dark sector back to
the visible sector after the relic abundance is set. For the ADM scenario this means that the symmetric
abundance has to annihilate efficiently, either to SM particles as in the WIMP scenario (but with a cross
section somewhat larger than in the WIMP case), or an annihilation into lighter, unstable particles of the
dark sector.

The entropy transfer must happen before the onset of big bang nucleosynthesis (BBN) at temper-
atures around 10 MeV. This puts an upper bound on the lifetime of the unstable dark sector particle
of τa � 1 s. From the collider perspective this means that the dark sector particles can either decay
promptly, with a displaced vertex, or could be collider stable, and all three regimes need to be probed to
say something conclusive about these non-WIMP scenarios.

In the following introductory chapters, we will review the current bounds on DM from direct
and indirect searches, from cosmology and from collider experiments, as well as how the sensitivity
is expected to evolve in the next 20 to 30 years. Then we will discuss the prospects of a 100 TeV
collider to probe the thermal WIMP scenario, starting with minimal and simplified models and moving
on to some examples of UV complete models. Following that we discuss examples of non-WIMP DM
scenarios which can be probed at hadron colliders and the possible benefit of a 100 TeV machine, before
presenting our conclusions.
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3.2 Experimental searches for DM
Searches for DM can be split into three separate classes: Direct detection, indirect detection, and collider
based searches. Direct detection consists of the search for DM using a nuclear recoil. Indirect detection
consists of the class of searches looking for annihilation of DM in galactic collisions. This class of
experiments consists of the set of satellite and ground based telescope experiments which search for
excesses of either photons or antiparticles in space. Finally, there are collider searches, where production
of DM is searched for via its missing energy signature. The two non-collider set of experiments can be
compared to the collection of collider searches. For the case of a 100 TeV proton collider, the ultimate
bounds of these searches are considered so as to put into context the comparative reach of the colliders.

3.2.1 Direct Detection
Conventional direct detection probes the rate of DM nucleon interactions in earth based experiments.
This is done through low rate, high sensitivity searches of low energy DM nucleon recoils. The searches
yield a bound on the matter DM cross section σ. This cross section relies on two fundamental ingredients,
the type of interaction, and the relative density of DM in the solar system. The searches compute the rate
of DM nucleon collisions for a given recoil energy E, denoted dR/dE. This we can write as,

dR

dE
=

ρDM

mNmDM

∫

v>vmin

vf(v)
dσ(v,E)

dE
dv (35)

where ρDM is the local DM density, f(v) is the local DM velocity profile for DM velocity ~v, mN is the
recoiling nucleus mass, mDM is the DM mass and dσ

dE is the differential DM nucleus interaction cross
section. The rate measurement can be translated to a cross section bound for a given DM mass through the
fact that all parameters are known with the exception of the DM mass, mDM , and the DM cross section.
The other parameters, in particular the DM density, ρDM and velocity profile, f(v), are inferred from
local galactic measurements combined with galactic simulations. The current measurements for the DM
density and velocity profile have a level of variability that is expected to improve over the coming years.
However the variability itself motivates the use of a collider search to allow for precise determination of
the DM properties.

Direct detection searches can be split into two classes of DM interactions, spin-independent and
spin-dependent interactions. Spin independent interactions consist of DM nucleon interactions that do
not have any dependence on the spin structure of the mediator nucleon interaction. This includes inter-
actions involving a scalar mediator or a vector mediator without an axial coupling. Spin-dependent DM
occurs when the interaction model is sensitive to the spin structure of the nucleus. Direct detection has
a much larger sensitivity to spin independent interactions due to the coherent enhancement of the cross
section proportional to the square of the nucleus mass.

An ultimate bound for direct detection comes from neutrino interactions in the detectors. This
background cannot be distinguished from DM interactions and thus is is irreducible [284]. This bound
has served as a benchmark for DM searches and represents an ultimate goal for the next generation of
direct detection experiments. This bound exists for both spin-dependent and spin-independent interac-
tions, as shown in Fig. 39. Recently, the directional DM detection has demonstrated the capability to
extend beyond the neutrino wall [285]. However, there is currently no plan to build an experiment large
enough to reach this boundary.

The searches for direct detection have greatly improved over the past few years. This has been
largely from the development of two technologies, low energy cryogenic detectors, and large scale liqui-
fied noble gas detectors. Both these technologies are going through major upgrades in the detector size;
further allowing for enhanced sensitivity. In particular, the CDMS detector is expected to extend the
sensitivity to low mass DM to the sensitivity threshold near the neutrino wall. For high mass DM, the
extension of the LUX detector (LZ and Darwin) [286, 287], and future extensions of liquid argon detec-
tors can potentially cross the neutrino wall [288], see Fig. 39. The same liquid noble gas detectors are
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Fig. 39: Comparison of the current best bound (solid line) with upcoming experiments (dashed line), and the
neutrino wall for spin independent(left) and spin dependent detection (right). For spin dependent interactions
additional lines potentially exist for the LZ however they are currently not publicly available.

sensitive to spin dependent DM [289, 290]. Thus, allowing for the the extension of DM searches to the
neutrino wall for all DM masses with both spin independent and spin dependent DM.

3.2.2 Indirect Detection
Indirect detectors consist of space- and ground-based telescopes, which look for the products of DM
induced interactions in and beyond the galaxy. Essentially, these searches consist in looking for the
presence, on top of the ordinary cosmic rays, of possible anomalous fluxes of high energy photons,
positrons, anti-protons and neutrinos which could be attributed to DM annihilations or decays. Further
discrimination can be done by directional searches; explicitly searching for particles from dwarf galaxies
or the center of the galaxy. Currently, the experiments can be divided into two sets of experiments:
particle based detectors, such as AMS, and photon based detectors, such as the FermiLAT satellite. In
both cases, the quoted bound is on the interaction rate of particles at a given energy (dN/dE). For the
case of photons, this can be written as

dN

dE
=

1

4π

〈σv〉
2m2

DM

F (q2)ρ′DM , (36)

ρ′DM =

∫

∆Ω
dΩ

∫

los
ρ2
DM (r(l, φ))dl(r, φ) . (37)

Here ρ′DM is the integral over the line of sight (los) of the square of the DM density ρDM , F (q2) is the
resulting fragmented particle distribution considering the initial particle produced, and mDM is the DM
mass. As with direct detection, the DM mass profile ρDM is a necessary input into the calculation. These
measurements also suffer from large uncertainties since the rates depend quadratically on ρDM and the
integral often runs over regions where the density is poorly constrained.

Photon bounds coming from annihilating DM interactions consist of two classes of searches: con-
tinuum photon excess searches, and direct photon line searches. Continuum photon searches consist of
searches of a broad excesses of photons over the predicted photon background. These searches have rel-
atively large uncertainties since they require a precise knowledge of the photon background. When DM
annihilates to a final state that is direct photons, photon line searches can be performed. These searches
can exclude much smaller production cross sections since they consist of a classic bump hunt on top of
the photon continuum background [153,154]. In both cases, the current results are driven by two exper-
iments: FermiLAT, a low energy gamma ray satellite, and HESS, a high energy gamma ray telescope.
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The FermiLAT satellite dominates bounds for photon energies up to 1 TeV and the HESS telescope array
is the dominant bound for energies above 1 TeV.

Figure 40 shows the current bounds for the experiments. Both of the search regions are expected
to improve with the upcoming launch of DAMPE [291] and Gamma-400 [292]. Further improvements
at high energy will come with the Cherenkov Telescope Array (CTA) [293]. These further extensions are
shown in Fig. 40. The goal is to cover the model independent calculation of the relic density shown in
Fig. 40. This allows for an exclusion/discovery benchmark of a large class of models. The relic density
line can be avoided through models with p-wave annihilation or co-annihilation. In some models, direct
photon line searches are more sensitive than broad spectrum searches. In Fig. 40, we also show the
direct photon bounds searches and the extrapolated improvements [294, 295] given a consistent level of
improvement as that projected with the future continuum searches.
The AMS anti-proton results are also shown 40, along with the band of variations coming from different
astrophysical hypotheses. The AMS anti-proton results are already comparable to the existing FermiLAT
bounds, and are expected to improve further. It is expected that AMS will continue to run for another 10
years. There are currently no projected upgrades of the AMS detector.
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Fig. 40: Indirect bounds coming from current AMS [296, 297], FermiLAT [298], and HESS [299] results. Addi-
tionally, projected bounds based on 15 life years of FermiLAT and the CTA [293] experiment. Bounds are shown
for bb̄ final state for the continuum search(left) and for the direct photon search(right).

3.2.3 Relic Density
The current measured relic density from cosmic microwave background(CMB) is ΩDMh

2 = 0.1198 ±
0.0026 [273]. This sets a benchmark for which models and constraints for DM can be compared. The
annihilation cross section corresponding to the observed relic density is show in Fig. 40. For light DM
the required values can be excluded by indirect detection for a number of relevant annihilation channels.

For a large class of models, relic density constraints have the ability bound the allowed space of
dark matter models. To illustrate the impact of the relic density, we consider the relic density bound for
4 types of mediators, a scalar, a pseudoscalar, a vector mediator and an axial mediator. These mediators
are further discussed in the section on simplified models 3.4.1. For scalar and pseudo-scalar mediators
the couplings to quarks are taken to be proportional to the corresponding Higgs Yukawa couplings, yq as
in models with minimal flavour violation [300, 301], and vector/axial mediators we take flavor universal
couplings to all quarks. For simplicity’s sake, we take the couplings to the quarks gq and the DM
particles gDM to be unity (gq = gDM = 1). This assumption is a bit naive given that for vector and axial
mediators, the couplings are on the threshold of being physical. However, the large coupling also opens
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Fig. 41: Relic density bound for the simplified models using a Scalar mediator (top-left), Pseudosalar mediator
(top-right), Vector mediator (bottom-left), and Axial mediator (bottom-right).

the allowed region of phase space of the DM models. In the sense that larger coupling means larger DM
annihilation cross section, which means smaller DM density at the time of freeze out. This allows us to
quote the resulting upper bounds on the DM production as conservative upper bounds.

Figure 41, shows the DM bounds for the four sets of mediators computed using the MadDM [302]
program. The reach of the vector mediator is roughly 80 TeV, axial mediator is 8 TeV, scalar mediator
is 6 TeV and pseudoscalar mediator is 40 TeV. The bounds all have a similar feature in that the reach in
mediator is strongest for DM masses which are close to half the mediator mass (the resonant regime).
These bounds can further be modified by the presence of additional particles that couple to the mediator.

3.2.4 Collider Production
In many models DM production at colliders proceeds via an additional particle, the so called mediator,
which couples to both SM states and DM. This can be an s-channel mediator such as a new scalar particle
or a vector boson, or a t-channel mediator such as a squark. Thus, excluding a Z or Higgs mediator, the
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search for DM at colliders consists of looking for the DM itself and at least one additional particle.

When DM is produced directly, it will not interact with the detector and thus leaves a missing
energy signature. The class of direct searches consist of missing energy signature along with an addi-
tional signature. In the case of proton-proton collisions, missing energy results as missing transverse
energy due to the lack of conservation of the momentum in the collision axis. The most generic of these
searches is the monojet DM search. The search consists of the selection of one or more jets and missing
transverse energy recoiling against the jets. Additional missing energy searches consist of replacing the
jet with another signature, such as as vector boson, photon or the Higgs boson (so called MET+X final
state).

For every MET+X collider search, the dominant background comes fromZ+X, where theZ boson
decays to neutrinos Z → νν. The current modelling uncertainty of the Z+X production is theoretically
limited by the order of calculation precision for most regions of phase space. However, this can be
overcome by modelling the Z→ νν production through a combination of control regions where no DM
is present. The most advanced approach involves a simultaneous fit of Z → ``, γ + X control regions,
with the theoretical predictions for the Z+X/γ+X production ratio as an additional constraint. The full
fit has been shown to model the distribution of Z+X differential production down to the percent level.
This sets a benchmark for the level of precision considered in the rest of the document. It is likely that
further development of these approaches in the ensuing years will allow for the preservation of such high
precision out to high energies. This ensures that the DM searches will remain statistically limited.

MET+X searches can be greatly enhanced by additional signatures that may occur in specific sce-
narios. For highly degenerate particles (in the co-annihilation regime), one can have long lived charged
particles that decay into DM. This gives the classic MET+X signature with an additional signature: such
as a short track resulting from the charged particle before it decayed. These additional tags have the
ability to greatly reduce the background and further enhance the sensitivity of collider based searches.

Since DM at the LHC involves additional non-Standard Model particles, one can indirectly search
for DM by observing these additional new particles. For example, vector mediators will decay to quarks.
Thus, one can search for vector mediators directly by looking for resonant di-jet production [303]. While
indirect searches implicitly require that all final states be probed at the LHC, a few final states stand out
as particularly complementary. These include the di-jet resonant search and resonant diphoton searches.

Given that there is roughly 20-30 years of development before the 100 TeV collisions, it is likely
that some of the current detector complications will be resolved. In particular, the triggering of events
is expected to improve with time. To illustrate the expected level of improvement, consider the current
MET triggers at the LHC. They are currently able to trigger MET with a threshold above 200 GeV. It
has been predicted that at high luminosity running, MET triggers will become ineffective due the large
amount additional collisions (pileup) that degrade the overall event resolution. However, this prediction
will very likely become invalid due to new developments in track triggering [304, 305] and advances
in understanding the MET in dense environments [3]. In this respect, the current LHC benchmarks for
future sensitivity are likely to be over conservative with respect to future developments.

3.2.5 Current DM Related Excesses
At the moment there are a few hints for new physics from astrophysics and collider experiments. First,
the Fermi collaboration has confirmed an excess in gamma rays from the galactic center [306] which,
as shown in several previous studies [307–310], can be consistent with DM annihilating in the galac-
tic center. In particular WIMP DM annihilating to massive SM particles in the mass range between
35 GeV and 310 GeV can successfully fit the excess [311]. Since indirect observations of DM often
remain inconclusive, a verification of the DM origin of this signal at a collider is desirable. The models
discussed in [311] are similar to the benchmark models that are considered in the following sections, and
the preferred mass range should be testable at a collider. Currently, strong evidence exists already that
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the pseudoscalar interpretation is ruled out by the LHC [312]. Further interpretations are likely to be
tested with a 100 TeV collider, if not already at the CERN-LHC.

Furthermore the LHC experiments have recently reported an excess of events in the diphoton
channel near 750 GeV, consistent with a new resonance [313, 314]. The possibility that this resonance
provides a window to DM was discussed for example in [315–322]. Within half a year from now the
LHC should confirm or rule out the presence of this resonance, however it will be important to find out
whether it will be sufficient to determine a connection to the dark sector, or whether a 100 TeV collider
is necessary.

Other long standing, potentially DM related excesses are the cosmic positron excess [323, 324]
and the annual modulation signal observed by the DAMA collaboration [325]. The former suffers from
the usual problem that an astrophysical origin of the signal is difficult to exclude, while the latter has not
been confirmed by any other DM direct detection experiment so far, and is more and more in tension
with constraints from these direct searches.

3.3 WIMP Dark Matter, Standard Model Mediators
DM that interacts with known particles through Standard Model mediators is the simplest and most min-
imal implementation of the WIMP scenario. Since the DM candidate has to be neutral and uncoloured,
the most compact models introduce a single multiplet of the electroweak SU(2) × U(1) which should
contain at least one neutral state. The smallest nontrivial, viable SU(2) representations are a doublet
with hypercharge 1/2, a triplet and a fiveplet [326]. These models introduce only one new parameter, the
mass of the multiplet, such that their parameter space can be fully explored, as discussed in Sections 3.3.1
- 3.3.3. Generically, for the correct abundance of thermal DM the mass of these WIMPs should be at the
TeV scale [326].

In principle models with more than one multiplet are also conceivable and motivated as low energy
limits of more complicated BSM scenarios like the MSSM. The simplest such model consists of a SU(2)
singlet and a doublet [327–332], with other combinations also possible [333]. In Section 3.3.4 a model
with a singlet, doublet and triplet is considered instead since this particle content is motivated by the
chargino/neutralino sector of the MSSM.

Maybe the simplest model in terms of particle content is that of a scalar SU(2) singlet with a Z2

parity symmetry, which couples to the SM only through a renormalizable coupling with the Higgs boson.
The prospects for probing this model at a 100 TeV collider are discussed in Section 3.3.5.

3.3.1 Weak Gauge Bosons 1: Wino, Higgsino DM
The smallest multiplet is an SU(2)L doublet (also called the higgsino in the context of supersymmetry).
To have an electrically neutral state requires two doublets with hypercharges Y = ±1/2, thus we have
two neutral Majorana states χ0

1, χ0
2, and one charged Dirac state χ±.9 The various states are nearly mass

degenerate with a small splitting arising from electroweak symmetry breaking effects. In the high mass
limit the charged fermions are heavier by ∆m ' 355 MeV [334].

The neutral and charged states interact in pairs with the Standard Model via W ’s and Z’s resulting
in the interactions χ0

1χ
0
2Z, χ0

1,2χ
±W∓, χ±χ∓Z, and χ±χ∓γ. At a hadron collider they are pair produced

via Drell-Yan resulting in final states of pairs of invisible particles. Even when a charged χ± is produced
the signal still looks like two invisible particles because the charged χ± decays via χ± → χ0

1 + π± and
the π± has momentum ∼ ∆m and is thus often undetectable.

At a hadron collider, one needs additional objects in the event other than missing energy. There
are several possibilities: the initial state radiation of a jet (or a gauge boson), production in vector boson

9We assume the presence of additional operators to slightly split the neutral masses otherwise they would combine into a
Dirac fermion which would be ruled out by direct detection.
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Fig. 42: Reach for higgsinos (SU(2)L doublets) in the monojet channel (left) and in the vector boson fusion channel
(right).

fusion, or tagging on the soft Standard Model objects in the final state. Requiring the initial state radiation
of a hard jet is called the monojet channel and looks for a high pT jet and large missing energy. This
scenario was studied in [70] and found to have a mass reach from 550 GeV to 850 GeV depending on the
level of systematic uncertainty assumed, as shown in Fig. 42 (left). Recasts of 8 TeV monojet searches
have been performed and show that the mass reach at 8 TeV is less than 100 GeV [335]. In the vector
boson fusion channel, one looks for two forward jets and missing energy. This process typically has a
lower rate than the monojet channel but one may have smaller backgrounds so it is not obvious apriori
how the reach will compare to monojet. This was studied in [76] and was found to have a mass reach of
150 GeV to 500 GeV, also shown in Fig. 42 (right).

The next case is an SU(2)L triplet with Y = 0 (also called the wino in the context of supersym-
metry). Now there is one neutral state χ0 and one charged state χ± with a mass splitting of ∆m ' 166
MeV [336]. Both the monojet search and vector boson fusion searches can be performed and the mass
reach is 0.9 TeV to 1.4 TeV, shown in Fig. 43. Again, the monojet channel is more sensitive than vector
boson fusion.
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Fig. 43: Reach for winos (SU(2)L doublets) in the monojet channel (left) and in the vector boson fusion channel
(right).

An additional search that can be effectively utilized for the triplet case is the disappearing tracks
search where one looks for a track from the charged state that suddenly disappears when it decays into
the neutral state and a soft pion. The triplet mass splitting of 166 MeV results in a lifetime of the χ±

of cτ ∼ 6 cm which is long enough that some of the χ±’s will decay in the region where the detector
is likely to have a tracker. There are no physics backgrounds to this search, but there are a number of
backgrounds arising from detector effects. At the LHC, this is the most sensitive search for the pure wino
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and already sets limits of 270 GeV with 20 fb−1 [337, 338]. One can extrapolate the LHC backgrounds
to a 100 TeV collider, though it is important to keep in mind that the estimate is rough as the backgrounds
could be much different at a future detector. The extrapolation was performed in [70] and found to have
a reach of 2.9 TeV. This is shown in Fig. 44 (left) with bands varying the background normalization up
and down by a factor of 5. See also [339] for similar studies on triplets. Due to the shorter lifetime, this
is typically not a useful channel for the doublet unless there is UV physics that decreases the splitting
between the charged and neutral states, as shown in Fig. 44 (right).
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Fig. 44: Reach for winos (SU(2)L triplets) in the disappearing tracks channel (left) and for higgsinos in the
disappearing tracks channel (right).

For both the monojet and vector boson fusion searches the projections were also computed for
the 14 TeV LHC and it was found that a 100 TeV collider improves by about a factor of 5 (using an
integrated luminosity of 3 ab−1 at both 14 TeV and 100 TeV). Performing these searches at 100 TeV
would not be qualitatively different than at the LHC. One search that offers the chance for a qualitative
improvement is the disappearing tracks search, because this is very dependent on the yet-to-be-designed
detector properties. Given the high sensitivity of this channel one can envisage designing the detector
to optimize this channel. Concretely, current searches require a hard recoiling jet in disappearing track
events to trigger on, but if one could trigger on the disappearing track itself, the rates would be increased.
Additionally, maintaining a high efficiency to select disappearing tracks is crucial.

Note that the study has been performed for
√
s = 100 TeV. To properly evaluate the mass reach

at other collision energies would require dedicated studies, but simple estimates can be made. By com-
paring parton luminosities one can see that the mass reach is linear (in center of mass energy) when the
luminosity increases quadratically. For a fixed luminosity, the mass reach increase is more mild and in
some cases seen to be closer to 40% for a factor of 2 in energy [340].

For the pure states described here there is an interesting complementarity with both direct detection
and indirect detection. Let us first consider the higgsino. In order to have the correct thermal relic
abundance, the higgsino mass should be 1 TeV. In direct detection the rate vanishes at tree level because
the coupling of neutralinos to Higgses arise from the mixing between higgsinos and binos or winos. At
one loop the rate is still suppressed due to an accidental cancellation [341]. As shown above unless
colliders can achieve systematic uncertainties below 1% one is unable to exclude (not even discover)
higgsinos. For winos, 3 TeV is the mass to satisfy the thermal relic abundance. In direct detection the
rates are again very small, but lie just above the neutrino coherent scattering rate, at ∼ 1.3 × 10−47

cm2 [341], as discussed in more detail in the next section.

One can also consider DM state that are mixtures of binos, higgsinos, and winos. The collider
signatures depend strongly on the mass difference between the lightest neutralino and the other states.
For mass splittings of ∼ 20 − 50 GeV, the reach is studied in [70] while for mass splittings of & 100
GeV the reach is studied in [74]. This scenario is studied in more detail in Section 3.3.4. A summary of
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the constraints on the pure, mixed and co-annihilating scenarios (c.f. Section 3.5.1) is given in Fig. 45.

These scenarios represent the worst possible cases in the sense that there are very few handles
in the events. Future directions that deserve more careful study are considering other particles in the
spectrum that could increase the electroweakino rate or yield jets or leptons in their decays providing
increased discrimination power.
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Fig. 45: Summary of reach for DM with SM mediators and through co-annihilation at 100 TeV.

3.3.2 Weak Gauge Bosons 2: Wino DM
As discussed above, an electroweak triplet with zero hypercharge is one of the most minimal DM models
one can imagine [326,342], and is further motivated in models of high-scale supersymmetry [22,24,25,
143, 343–346] and other new physics scenarios [25, 347–349].

We now summarise the status and prospects for the searches of an extra stable fermion triplet,
focusing of course on the 100 TeV proton collider, but making explicit the comparison with other future
colliders, as well as with direct and indirect DM detection experiments. Our discussion is based on
Ref. [339] for the collider reaches, and it is updated with more recent results for DD [350], as well as
with preliminary ones for ID [351].

The model. The Lagrangian for the minimal Wino DM model reads

L = LSM +
1

2
χ̄(i /D −Mχ)χ, (38)

so that the only new parameter of this model is the χ mass Mχ. If one demands χ to constitute 100%
of the DM via thermal freeze out, then also Mχ is fixed, to roughly 3 TeV [352]. We will also consider
different values of Mχ, to allow for different production mechanisms and for the possibility that χ does
not constitute 100% of the observed DM.

While at tree level the neutral and charged components of the triplet have the same mass, higher
order corrections split the neutral Majorana fermion χ0 from the charged χ±. This mass splitting has
been computed at the two-loop level in the SM [336], yielding to Mχ± −Mχ0 ' 165 MeV (stable to the
level of 1 MeV for Mχ & 1 TeV)10.

The direct pair production of DM particles receive contribution, in this model, not only from
production of χ0, but also from that of χ±. In fact, the small mass splitting causes χ± to decay into

10Possible heavy New Physics contributions toMχ±−Mχ0 are very suppressed, since the first effective operator contributing
to a splitting arises at dimension 7.
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Fig. 46: Reach of disappearing tracks (left) and monojet (right) searches [339].

χ0 plus very soft pions, which are not reconstructed at the LHC, with a decay length at rest of ∼ 6 cm.
Since current detectors do not reconstruct tracks shorter than O(30) cm, the bulk of the produced χ±

contributes to missing transverse energy in the same way of χ0. Still, a fraction of the χ± can travel far
enough to leave a track in the detector, and then decay to χ0 plus soft pions within it, thus yielding a
disappearing track signal that has no background within the SM [353].

The current best probe of this model at colliders is indeed given by the ATLAS [337] and CMS
[338] searches for disappearing tracks, which obtained the bound

Mχ > (260− 270) GeV. (39)

In Ref. [339], the reach of the ATLAS search for disappearing tracks is extrapolated to the HL-
LHC, as well as to the 100 TeV proton collider, for both 3 and 30 ab−1 of integrated luminosity (see also
Ref. [70]). The result of this procedure is shown in the left-hand plot of Fig. 46. The background to
this search comes from detector effects, and the red bands in the reach, for any given future benchmark,
correspond to a conservative quantification of the uncertainty coming from our extrapolation. In the right-
hand plot we show, for comparison, the expected reach in the “standard” monojet channel. Here the blue
bands represent how the reach is expected to change according to the control that will be achieved over
the systematics. The reach of other channels like vector boson fusion [76,339] and monophoton [339] is
somehow weaker, but it will provide a useful complementarity. Both for disappearing tracks and for the
monojet searches we find a very good agreement with the results of Ref. [70], and we refer the reader to
Ref. [339] for more details.

While the region interesting for thermal WIMP DM is out of reach at any conceived future LHC
stage, the 100 TeV collider has largely the potential to probe it, and say a final word over the existence
of a pure-Wino (independently of DM). The only channel with the potential to discover thermal DM
Winos is that of disappearing tracks, and it would benefit, at any future collider, from the capability of
reconstructing tracks below the current length of O(30) cm.

Relation with future lepton colliders. Given that χ is a full EW multiplet, its contributions to
EWPT are very suppressed, at the level of W,Y ∼ 10−7 [326]: this sensitivity target is not touched by
LEP2 [354], and looks out of reach at any proposed future lepton collider (see Ref. [355] for the expected
reaches of high energy positron collider and CPEC).
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Direct and Indirect DM detection. The most recent cross section computation for the spin inde-
pendent scattering of an EW fermion triplet with a nucleon gives [350] σSI = (2.3± 0.5)× 10−47 cm2.
This value is out of reach at any current and planned experiment [284], for masses larger than 500 GeV.

Concerning indirect detection, gamma rays from the Galactic Center (as first recognized in [153,
154] for lines) and dwarf spheroidal galaxies are, at present, the most promising probes. We show the
reach of two most relevant searches of this kind in Fig. 47, also to compare them with the previously
discussed collider and DD reaches. We show there also the weaker reach of antiprotons from AMS-
02 [351], for comparison. As far as we know today, a very promising (gamma-ray) telescope to probe
this model in the future appears to be CTA, expected to start taking data in 2018 [358]. Whether it will
exclude or not a pure-Wino, as 100% of the DM, depends mostly on the control on the astrophysical
uncertainties that will be achieved by then.

3.3.3 Weak Gauge Bosons 3: Fiveplet DM
While the doublet and triplet DM models discussed so far can decay to the SM through dimension
5 operators, a fiveplet of SU(2) can only decay through a dimension 6 operator, thus guaranteeing a
sufficiently long lifetime of the DM even if the global Z2 symmetry which makes it stable is broken at
the Planck scale.

We define the fiveplet, χ as χ =
(
χ++, χ+, χ0, χ−, χ−−

)
. At the renormalizable level, the size

of the representation restricts the Lagrangian to

L = LSM + cχ̄
(
ı /D −M

)
χ, (40)

where M is the mass of the fiveplet and the constant, c, is 1/2 or 1 depending on whether χ0 is Majorana
or Dirac, respectively. The mass degeneracy of the multiplet is broken at one loop by the gauge bosons.
For masses of the multiplet M � mW the singly charged component lies ∼ 166 MeV above the neutral
component; the doubly charged state is heavier than the neutral state by ∼ 664 MeV. These small mass
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splittings between the states of the multiplet leave little phase space for decays down to the neutral
component. This implies that the charged states can have fairly long lifetimes and travel macroscopic
distances at collider experiments. This will be the basis of our search strategy.

As providing a DM candidate is the motivation for this model, we want the neutral component
to make up a significant portion of the observed abundance. The large quantum number of the fiveplet,
along with the large number of states, allows for very efficient annihilations. This implies that in order to
quench the observed relic abundance of DM through thermal freeze-out, the mass of the fiveplet must be
heavy; nearly 9.6 TeV if the Sommerfeld enhancement is included [152, 342]. If the mass of the fiveplet
is less than 9.6 TeV, the amount of DM left after freeze-out is less than the observed abundance, which
leaves room for other sources of DM. There are also other mechanism that would allow for a lighter
fiveplet to fulfill the relic abundance [359–362], such that we can treat the mass of the fiveplet as a free
parameter with an upper bound of 9.6 TeV.

Direct detection and indirect detection searches are able to constrain the model. A recent reeval-
uation of the nuclear matrix element was found to be lower than originally thought, leading to a spin
independent cross section of 1.0× 10−46 cm2 [349,363]. In this case, Xenon1T and LZ are projected to
have a reach to ∼ 350 GeV and ∼ 4000 GeV, respectively [284]. Signals (or lack there of) of DM anni-
hilations place the strongest bounds on the model. The Sommerfeld enhancement has a very large effect
for the fiveplet and increases the cross section for annihilations into vector bosons [342, 362, 364–367].
With the non-observation of sharp gamma ray spectral features by H.E.S.S., a fermionic fiveplet can
only make up all of the DM abundance for a small range of masses around 2.5 TeV and 10 TeV, or be
completely excluded, depending on the DM profile [294]. CTA will be able to exclude almost the entire
mass range, even for an isothermal profile [358, 366, 367].

The projected direct detection results depend on the DM abundance while indirect detection sig-
nals depends on both the abundance and the profile. However, collider bounds do not depend on astro-
physical results. To this end, it is important study how the MDM fiveplet can be bounded by collider
experiments. In Ref. [368], the disappearing track searches done by ATLAS and CMS [337, 338] are
used to show the LHC has excluded a fiveplet below a mass of 267 (293) GeV depending on whether it is
Majorana (Dirac). Additionally, it was determined a Majorana (Dirac) fiveplet could be excluded at the
14 TeV LHC up to a mass of 410-670 GeV (465-745 GeV). In the following we review the disappearing
track search strategy and extend the method to a 100 TeV collider for the MDM fiveplet.

There have been a few other studies which extrapolate the ATLAS search [337] to future colliders
[70, 339, 368, 369]. The optimised cuts presented in [339] are used, which look for

pT,j1 > 1 TeV, /ET > 1.4 TeV, ∆φmin
j, /ET

> 1.5,

pT,track > 2.1 TeV, 0.1 < |ηtrack| < 1.9, and

30 cm < transverse track length < 80 cm.

(41)

The variable ∆φmin
j, /ET

is the azimulthal angle between the any jet with pT > 500 GeV and the missing
energy. The requirements on the transverse track length and ηtrack come from the ATLAS search and
are used in the future collider extensions as a method to estimate the background. There is no obvious
Standard Model process which mimics this signal; the background comes from pT -mis-measured tracks
and hadrons with large momentum transfer interactions with pieces of the detector. The measured signal
and background thus depend heavily on the specifics of the detector. In their search, ATLAS gives the
observed shape of the pT -mis-measured tracks as dσ/dptrack

T = (ptrack
T )−a where a = 1.78 ± 0.05. This

shape is normalized to the background at
√
s = 8 TeV reported in [337] and then scaled to the ratio of the

Z(νν̄) + jets cross section passing initial cuts on pT,j1 , /ET , and ∆φmin
j, /ET

at
√
s = 8 and 100 TeV. There

is much inherent uncertainty in this method of extrapolating the background. Measuring the spectrum of
the pT -mis-measured tracks at the current run of the LHC could help in this regard. To be conservative,
we allow for a range of the background cross section, larger or smaller by a factor of 5.

70

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

510



Transverse distance (cm)
0 10 20 30 40 50 60 70 80 90 100

/d
 T

ra
ck

 L
en

gt
h 

 [E
ve

nt
s/

 1
 c

m
]

σ
 d

-1
15

 a
b

1

10

210

310

410

 = 1 TeV χm

 = 3 TeV χm

 = 5 TeV χm

Track length

s = 100 TeV∫ℒ =15 ab-1
s = 14 TeV∫ℒ=3 ab-1

Majorana Fiveplet

Dirac Fiveplet

0 1000 2000 3000 4000 5000 6000 7000
0

1

2

3

4

5

6

Mass [GeV]
S
ig
ni
fic
an
ce

Fiveplet Disappearing Track Search

Fig. 48: Left: The number of events passing the cuts in Eq. (41) as a function of transverse track length. The
different colors are for different masses of a Majorana Fiveplet. The larger masses have lower production cross
section and do not receive as large of a boost from the jet, so do not travel as far. The expected background for
track lengths between 30 and 80 cm is around 2 events. Right: Reach for the

√
s = 14 TeV LHC and a future√

s = 100 TeV collider. The bands are generated by varying the background between 20% and 500% of the
extrapolated value.

The model is implemented using FEYNRULES2.0 [370], and generated events using
MADGRAPH5_AMC@NLO [94] for χχ̄ production with up to two extra partons. The events were
matched with the MLM scheme, hadronized, and showered using PYTHIA 6.4 [112], and fast detector
simulation was done with DELPHES [113] using FASTJET [263, 264] to cluster the jets with the anti-kT
algorithm [115]. The default ATLAS card was used for DELPHES, modified so the neutral component of
χ would add to the missing energy. See Refs. [368] and [369] for more details about the analysis.

Our results are summarized in Fig. 48 assuming 15 ab−1 of integrated luminosity. The left panel
shows the expected number of events passing the cuts as a function of the transverse distance travelled by
the track. This shows that the heavier mass points are harder to find not just because the production cross
section decreases, but also because the tracks do not travel as far. For a given jet momentum that the χχ̄
system recoils off, the heavier DM points do not get as much of a boost. In order to travel between 30
and 80 cm (with a decay length of a few cm) the system needs to be quite boosted.

In the right panel, we plot the significance as a function of the fiveplet mass. This is computed
using

Significance =
S√

B + α2B2 + β2S2
(42)

where S and B are the number of signal and background events. The background and signal systematics
are incorporated into α and β and are conservatively given values of α = 20% and β = 10% [70, 339].
The bands in the plot are generated by varying the number of background events between 20% and 500%
of the ∼ 2 events expected from the extrapolation.

A 100 TeV collider can greatly extend the search for minimal DM. The discovery reach of the
Majorana fiveplet is between 3.1–4.2 TeV while the exclusion reach is 3.8–4.9 TeV. For the case of the
Dirac fiveplet, the discovery and exclusion reaches are 3.5–4.5 TeV and 4.1–5.5 TeV. These results are
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Fig. 49: Relic neutralino surface defined by a thermal primordial freeze-out to abundance Ωh2 ' 0.12, with
all non-neutralino superpartners decoupled, and including Sommerfeld-enhancements to freeze-out annihilation
cross-sections. Regions inside the central boxes are excluded by LEP II [372]. We also show future direct detection
and indirect detection prospects. The compressed and charged track collider studies referred to as “Compr." and
“Tracks" are described in the text [369, 371].

about a factor of 7 higher than the estimated reach at the LHC. These mass reaches are important in terms
of complementarity with the other DM experiments. Depending on the DM profile, there is a possible
gap in coverage in the indirect detection experiments for a fiveplet mass of ∼ 2.5 TeV, which will be
covered by a 100 TeV collider. In addition, the projected LZ results could reach a fiveplet with a mass up
to 4 TeV. With a possible higher mass reach than this, the 100 TeV collider can exceed direct detection
results without the question of the current relic abundance.

3.3.4 Weak Gauge Bosons 4: Thermal Relic Neutralino DM
Weakly interacting DM are one of the few physics scenarios which can feature an upper limit on the
particle masses. This argument is based mostly on a combination of the experimentally observed relic
density constraint and on the fact that the DM states interact weakly. In that spirit, the neutralino/chargino
sector of the MSSM is a way to interpolate between singlet, doublet, and triplet SU(2) representations of
the DM state. The question is to what degree a 100 TeV proton-proton collider, together with future direct
and indirect detection experiments, can cover the relic neutralino surface with all scalar superpartners,
i.e. squarks, sleptons, and the heavy Higgs boson decoupled to masses above 8 TeV. The main challenge
to collider searches are nearly mass degenerate (. 5% mass difference) states in the neutralino/chargino
sector which lead us to a dedicated analysis with very soft leptons and photons combined with extremely
hard initial state radiation jets at a 100 TeV hadron collider.

In Refs. [369,371] it is for example demonstrated how nearly pure bino DM, which freezes out to
the observed relic abundance through co-annihilation, can be uncovered by a 100 TeV hadron collider.
Figure 49 shows the main collider-related result: for almost pure wino DM as well as for bino-like co-
annihilating DM with small couplings to the Standard Model, a future 100 TeV hadron collider allows
for full coverage of the relic neutralino surface.

To define the relic neutralino surface the thermal relic abundances were calculated us-
ing DarkSE [373], which incorporates Sommerfeld-enhancements to the relic abundance code of
DarkSUSY [374]. In addition, the annihilation cross-section to nearly-pure wino freeze-out were checked
with MicrOMEGAs [375], modified to include Sommerfeld enhancement. MSSM mass spectra were gen-
erated with SuSpect [376], where loop corrections from decoupled SUSY particles were turned off, but
electroweakino charged-neutral electroweak custodial mass splittings were set before matrix diagonal-
ization, as described in Ref. [369].
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Fig. 50: The significance reach over thermal relic neutralino parameter space is shown, for both charged tracks and
compressed (γ + `+ j + MET) searches at a 100 TeV collider, after 15 ab−1 of data. In the case of compressed
searches, a larger parameter space can be probed than what is shown above (see [371]).

In Fig. 49 we show the parameter space probed at a 100 TeV hadron collider, alongside the 2σ relic
neutralino reach of future direct and indirect detection experiments. On the collider side, it first includes a
study of sensitivity to disappearing charged tracks for thermal relic neutralinos. In SUSY parameter space
with a predominantly wino LSP, the mass splitting between the LSP and lightest chargino becomes as
small as 160 MeV. With such a small inter-state mass splitting, decays of the chargino to LSP through an
off-shellW boson are suppressed and can leaveO(10 mm) long charged tracks in the detector that vanish
to missing transverse energy (MET). To estimate the background to a disappearing charged track search,
Ref. [369] matched the data-driven background of an ATLAS charged tracks study [337], by simulating
pp → Z(νν̄) + jets events at center-of-mass energies 8 TeV and 100 TeV. The ratio of these events
passing kinematic cuts on missing transverse momentum and jet momentum were used along with the
number of background events found by ATLAS, to project the number of background events at a 100 TeV
collider. Signal events featuring at least one chargino paired with a partner electroweakino and jets, were
simulated using MG5aMC@NLO [94] with MLM matching [377], combined with Pythia6.4 [112] and
DELPHES3 [113]. A dedicated set of cuts makes use of the strengths of a 100 TeV hadron collider with
excellent detector performance [369]:

1. at least two jets with |η| < 2.5 and pT greater than 1 TeV and 0.5 TeV, respectively;
2. at least one disappearing track with pT > 2.1 TeV, 0.1 < |η| < 1.9, and length 30-80 cm;
3. MET in excess of 1.4 TeV.

The significance shown in Fig. 50 after 15 ab−1 is based on the estimate S/
√
B + α2B2 + β2S2 with

α = 2 and β = 0.1 setting the signal and background uncertainty. We see that the charged track search
indeed covers the wino LSP region of the relic neutralino surface.

A second parameter region which needs to be targeted by a 100 TeV collider is nearly pure gauge
singlet DM, which freezes out to the observed relic abundance by co-annihilating with a heavier partner.
Such a nearly-pure bino LSP arises in relic neutralino parameter space where M2 < 2 TeV and µ >
1 TeV [369, 371]. Compressed electroweakino searches target the production of electroweakinos 5 −
50 GeV heavier than lighter electroweakino states. As the heavier electroweakinos decay to the LSP,
they emit soft state leptons and photons with pT ∼ 5− 50 GeV. Such soft leptons and photons as part of
the collider signature allow for a smaller MET cut than traditional “jet + MET" DM searches, boosting
the mass reach of compressed DM searches [70,74,335,371,378–388]. In Ref. [369], signal events of the
type pp→ χ±χ0+jets were simulated along with the dominant background pp→ γW±+jets. The cuts
applied in this study, which employed MG5aMC@NLO, Pythia6.4, and DELPHES3, with the default-valued
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Snowmass future detector card [114] were:

1. exactly one photon and exactly one lepton with pT = [10− 60] GeV and |η| < 2.5, separated by
∆R > 0.5, and a photon-lepton MT2 [369] of M (γ,`)

T2 < 10 GeV;
2. at least one jet, with |η| < 2.5 and pT > 0.8 TeV, but no more than 2 jets with pT > 0.3 TeV;
3. MET in excess of 1.2 TeV.

A 10-50 GeV size mass splitting between the LSP and NLSP guarantees that leptons and photons emitted
in NLSP to LSP decays will be soft. This should be contrasted with the expected transverse momentum
of leptons and photons coming from SM pp → γW±j events, which is the dominant background at a
100 TeV collider. The requirement that the W boson produce ∼ TeV of MET suppresses low-pT phase
space for the accompanying lepton. For similar reasons, because background events are boosted, emitted
photons will also tend to have high pT . Thus the increased energy of the 100 TeV environment makes
this search particularly incisive.

The significance found in this study is shown in Fig. 50, where the background and signal system-
atic uncertainties were taken to be α = β = 0.05. Its mass reach extends to nearly mχ ∼ 2 TeV, as
shown in Fig. 50, exactly complementing indirect and direct searches. This complementarity is a conse-
quence of the MSSM thermal relic DM LSPs flipping from being nearly pure bino to nearly pure wino
around M2 ≈ 2 TeV. For M2 . 2 TeV, the NLSP wino is inaccessible by direct and indirect searches,
but would be produced at a 100 TeV collider.

To illustrate the complementarity of 100 TeV collider searches and direct as well as indirect de-
tection experiments we illustrate the parameter space excludable by future liquid xenon direct detection
searches, and by the Cerenkov Telescope Array’s search for gamma ray lines emitted from the central
kiloparsecs of the Milky Way galaxy [389] in Fig. 51. We also show present bounds from LUX [390],
XENON100 [289], and HESS [294]. Future direct detection constraints were set using MicrOMEGAs
output along with the Xenon direct detection reach projected for the next decade [284]. Constraints from
indirect detection of DM annihilation in the galactic center were determined with MicrOMEGAs and the
one-loop, Sommerfeld-enhanced annihilation rates of Ref. [373]. The projected indirect reach is calcu-
lated using the sensitivity forecasted in [389], assuming a standard Einasto DM density profile in the
Milky Way.

The picture in all three fields of DM searches turns out to be similar: current experiments, includ-
ing the LHC, are able to significantly cut into the relic neutralino surface. However, a full coverage of
the surface, along with a comprehensive test of weakly interacting DM, is only guaranteed by the next
generation of experiments: a 100 TeV hadron collider combined with n-ton xenon detectors and CTA.
This complementarity, which requires two dedicated collider search strategies, is the central message of
Fig. 49.

3.3.5 Higgs Portal
The Higgs boson provides a unique low-dimension portal between the Standard Model and a dark sector
via interactions of the form |H|2O, where O is a gauge-invariant operator with ∆O . 2. The classic
example is O = φ2 were φ is neutral under the SM but enjoys a Z2 symmetry [391–395]. Here we will
consider such a scalar Higgs Portal with interactions

L = LSM −
1

2
∂µφ∂

µφ− 1

2
M2φ2 − cφ|H|2φ2 (43)

where H is the SM-like Higgs doublet and φ is a scalar neutral under the Standard Model. After elec-
troweak symmetry breaking the theory consists of

L = LSM −
1

2
∂µφ∂

µφ− 1

2
m2
φφ

2 − cφvhφ2 − 1

2
cφh

2φ2 (44)
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Fig. 51: Present indirect and direct detection limits on thermal relic neutralinos are shown, along with future
constraints. Codes and calculations employed in the production of this plot are described in the caption of Fig. 49.

Fig. 52: Contours of relic DM density from freeze-out through the Higgs Portal. Constraints on the parameter
space from the LUX direct detection experiment [390] are shown in dotdashed red (LUXNT) where we assume
non-thermal processes give the observed DM relic abundance in regions where thermal freeze-out over- or under-
produces DM. The solid red line (LUXTH) and shaded region show the parameter space excluded given a standard
thermal history, where φ may comprise only a fraction of DM.

where m2
φ = M2 + cφv

2 in units where v = 246 GeV.

This portal interaction respects an unbroken Z2 symmetry φ → −φ. If the Z2 symmetry is exact
the Higgs Portal furnishes a DM candidate [391–394, 396]. Higgs Portal DM is highly predictive in the
sense that the coupling cφ is determined as a function of mφ if φ is required to provide the entirety of
the observed DM abundance, as illustrated in Fig. 52. While thermal abundance corresponds to small
values of cφ, larger values are allowed if φ only accounts for some fraction of the DM or is produced
non-thermally in the early Universe.

Although it only communicates with the SM via the Higgs sector, current direct detection experi-
ments are already sensitive to Higgs Portal DM. Current bounds on cφ from the LUX experiment [390]
are shown in Fig. 52, both in the case that φ comprises the entirety of the observed DM abundance (as-
suming late-time dilution or production in regions of parameter space where thermal freeze-out over- or
under-produces DM) and in the case where φ simply has a thermal abundance (in which case it typically
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comprises only a fraction of the observed DM abundance). Significantly, when Higgs Portal DM has
a thermal history, predicted direct detection rates are almost independent of the Higgs Portal coupling,
and the predicted rate largely becomes a function of the mass alone. This raises the prospect of strong
complementarity between direct detection and collider probes of Higgs Portal DM, where rates for φ
production scale with positive powers of cφ.

Whenmφ < mh/2 this scenario may be very efficiently probed at colliders via the Higgs invisible
width [397–405], since the Higgs can decay on-shell into φ pairs and the smallness of the SM Higgs
width ensures the rate for pp→ h+X → φφ+X is large for a wide range of cφ. When mφ > mh/2,
however, the Higgs cannot decay on-shell to φφ, and φ pair production instead proceeds through an off-
shell Higgs, pp → h∗ + X → φφ + X . The cross section for this process is then suppressed by an
additional factor of |cφ|2 as well as two-body phase space. In this regime, pp colliders such as the LHC
and a 100 TeV proton collider can provide the best means of probing Higgs Portal DM.

With this in mind we assess the reach of pp colliders at
√
s = 14 & 100 TeV, with an eye to-

wards constraining the region mφ > mh/2 where hadron machines provides sensitivity complemen-
tary to electron-positron colliders and direct detection experiments. We implement the Higgs Portal
in FeynRules with mh = 125 GeV, generating signal and background events at leading order using
MadGraph5 v1.5.8 [111], showering with Pythia 8.186 [406] tune 4C, and simulating detector effects
in Delphes v3.1.2 with the default CMS detector card (for 14 TeV) and the Snowmass detector card
[114] (for 100 TeV). We consider various channels, including vector boson fusion, gluon fusion with an
associated jet, and tt̄ associated production. In the case of gluon fusion with an associated jet, events
generated with MadGraph are re-weighted to more accurately reflect the pT spectrum of the associated
jet.

The pre-selection and analysis cuts used in these channels are detailed in [407]. A simple cut-and-
count analysis is performed, determining the exclusion significance of a search in terms of signal events
S and background events B passing cuts via S/

√
S +B, and the discovery significance via S/

√
S. For√

s = 14 TeV an integrated luminosity of 3 ab−1 is assumed, while for
√
s = 100 TeV scenarios with

3 ab−1 and 30 ab−1 are considered, respectively. Systematic uncertainties in the signal and background
estimates are neglected; systematic uncertainties in background determination could have a substantial
impact at

√
s = 100 TeV since S/B is quite small, but one expects data-driven determination of Z+jets

and other backgrounds to substantially lower systematic uncertainties by the 100 TeV era.
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Fig. 53: Left: Approximate 95% exclusion reach from the combination of VBF, ggH and tt̄H channels with
3 ab−1 at

√
s = 14 and 3, 30 ab−1 at

√
s = 100 TeV determined from S/

√
B = 1.96, neglecting systematic

errors and correlations between channels. Right: Approximate 5σ discovery reach from the same combination at√
s = 14, 100 TeV.
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To estimate the reach of a concerted Higgs Portal search program, we present the approximate
combined reach of VBF, monojet, and tt̄ searches at

√
s = 14 and 100 TeV in Fig. 53. We obtain the

combination by adding the significance of the VBF, monojet, and tt̄ channels in quadrature, neglecting
possible correlations between the two channels. As the cross section is suppressed at high center-of-mass
energies by the off-shell Higgs propagator, the improvement in limits between

√
s = 14 TeV and 100

TeV at comparable integrated luminosity is due in part to improved separation of signal from Standard
Model backgrounds.
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Fig. 54: Combined reach of direct searches in VBF, ggH and tt̄H channels at
√
s = 100 TeV for 3 ab−1 (left) and

30 ab−1 (right) compared to DM direct detection. In each plot the red lines denotes the 1σ exclusion, 2σ exclusion,
and 5σ discovery reach from direct searches at

√
s = 100 TeV. The region to the left of the green (yellow) line

denotes the LUX exclusion for Higgs Portal DM with thermal (non-thermal) abundance given by cφ,mφ.

The complementarity between collider searches at 100 TeV and direct detection experiments is
illustrated in Fig. 54. Collider searches are not competitive with DM direct detection for small couplings,
but at cφ & 1 can exceed the exclusion and discovery reach of the LUX direct detection experiment when
the Higgs portal state possesses its natural thermal abundance. In the event of a signal in future direct
detection experiments, this also suggests that direct evidence for Higgs Portal states may be obtained
through searches at colliders. In summary,

– If the Z2 symmetry is exact and the Higgs Portal DM saturates the observed DM density (which
may require a non-thermal history), then direct detection probes are likely to be most sensitive.

– If the Z2 symmetry is exact and a standard thermal history is assumed then in regions where
Ωφ ≤ ΩDM colliders and direct detection experiments provide complementary probes, sensitive
to different parameter regions due to a different scaling behavior with the portal coupling cφ.

– If the Z2 symmetry is approximate and only stabilizes φ on the timescale τ & 10−8s but is allowed
to decay in the early Universe, or if the Z2 symmetry is exact but φ has hidden sector decays to
other neutral states then colliders are the only probes of the Higgs Portal coupling, with electron-
positron colliders constraining mφ > mh/2 and proton-proton colliders constraining mφ ≥ mh/2

3.4 WIMP Dark Matter, BSM Mediators (Simplified Models)
For a large class of models, the search for DM can be simplified to a search for a generic mediator that
couples to Standard Model particles [303,408–416]. The choice of mediator can be used to span the class
of different experiements that search for DM. The simplest split of the mediator class is between spin 0
and spin 1 mediators. For spin 0 mediators, the couplings of the mediator to Standard Model particles are
assumed to be yukawa. The prodcution modes thus resemble the Higgs production. This complements
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the searches for heavy scalar mediators. Additionally, in the case where electroweak symmetry breaking
is present, the search directly parallels the heavy higgs searches. For spin 1 mediators, the couplings are
flavor universal with equal coupling strength to each of the quarks. Production modes of these resemble
Standard Model Z boson production and searches with this model parallel Z ′ production.

The mediators can further be split by the type of coupling structure. In the case of spin 0 media-
tors, this can be split into scalar and pseudoscalar couplings. While the production cross sections, and
sensitivity do not change by much at the collider. Pseudoscalar mediators are velocity suppressed with
direct detection, and enhanced with indirect detection. This significantly changes the sensitivity of these
experiements. Furthermore, the bounds from relic density can also change significantly. For spin 1 type
mediators, the split in coupling structure yields vector and axial-vector mediators. Again, the sensitivity
for collider experiments does not change by a large amount; however, the sensitivity with direct detection
changes drastically in direct detection. Axial-vector mediators can only be probed with spin-dependent
direct detection , whereas vector mediators can be probed with spin-independent direct detection. Mixed
coupling structures are not considered, since they can often be determined from reinterpreted bounds
of the purely coupled mediator searches; Section 3.4.3 explicitly considers interesting combinations of
vector and axial-vector mediators. The full lagrangians for these simplified models are described in 3.4.1.

For all mediator types, no mixing with Standard Model particles is assumed. Mixing of additional
particles, such as a heavy scalar with the Higgs boson, can lead to additional costraints coming from
precision measurements of the Higgs couplings. Mixing parameters typically require a completed model
and are thus ignored so as to be generic.

3.4.1 Simplified Model Collider Bounds
In DM searches at hadron colliders, the putative dark particles are pair-produced in collisions of the
visible sector particles – the Standard Model quarks and gluons. In the set-up studied here [417], there
are no direct interactions between the SM sector and the DM particles. Instead these interactions are
mediated by an intermediate degree of freedom – the mediator field. In general, one can expect four
types of mediators, scalar S, pseudo-scalar P , vector Z ′ or axial-vector Z ′′. The corresponding four
classes of simplified models describing elementary interactions of these four mediators with the SM
quarks and with the dark sector fermions χ are

Lscalar ⊃ −
1

2
m2

MEDS
2 − gDMS χ̄χ−

∑

q

gqSMS q̄q −mDMχ̄χ , (45)

Lpseudo−scalar ⊃ −
1

2
m2

MEDP
2 − igDMP χ̄γ

5χ−
∑

q

igqSMP q̄γ
5q −mDMχ̄χ , (46)

Lvector ⊃
1

2
m2

MEDZ
′
µZ
′µ − gDMZ

′
µχ̄γ

µχ−
∑

q

gqSMZ
′
µq̄γ

µq −mDMχ̄χ , (47)

Laxial ⊃
1

2
m2

MEDZ
′′
µZ
′′µ − gDMZ

′′
µχ̄γ

µγ5χ−
∑

q

gqSMZ
′′
µ q̄γ

µγ5q −mDMχ̄χ . (48)

The coupling constant gDM characterizes the interactions of the messengers with the dark sector par-
ticles, which for simplicity we take to be Dirac fermions χ, χ̄, the case of scalar DM particles is a
straightforward extension of these results.

The coupling constants linking the messengers to the SM quarks are collectively described by
gqSM,

scalar & pseudo− scalar messengers : gqSM ≡ gq yq = gq
mq

v
, (49)

vector & axial− vector messengers : gqSM = gSM . (50)

78

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

518



For scalar and pseudo-scalar messengers the couplings to quarks are taken to be proportional to the
corresponding Higgs Yukawa couplings, yq as in models with minimal flavour violation [300], and we
keep the scaling gq flavour-universal for all quarks. For axial and vector mediators gSM is a gauge
coupling in the dark sector which we also take to be flavour universal. The coupling parameters which
we can vary are thus gDM plus either gq or gSM, the latter choice depending on the messengers.11

In general, the simplified model description of the dark sector is characterised by five parameters:
the mediator mass mMED, the mediator width ΓMED, the dark particle mass mDM, and the mediator-
SM and the mediator-Dark sector couplings, gSM, gDM. Out of these, the mediator width ΓMED, does
not appear explicitly in the simplified model Lagrangians (45)-(48) and should be specified separately.
ΓMED accounts for the allowed decay modes of a given mediator particle into other particles from the
visible and the dark sector. In a complete theory, ΓMED can be computed from its Lagrangian, but in a
simplified model we can instead determine only the so-called minimal width ΓMED,min, i.e. the mediator
width computed using the mediator interactions with the SM quarks and the χ̄, χ DM particles defined
in Eqs. (45)-(48). Importantly ΓMED,min does not take into account the possibility of the mediator to
decay into e.g. other particles of the dark sector, beyond χ̄, χ, which would increase the value of ΓDM.
In Ref. [413] the role of ΓMED is investigated as an independent parameter in the simplified models
characterisation of dark sectors by using a simple grid for ΓDM = {1, 2, 5, 10} × ΓMED,min, it is known
that this can reduce the sensitivity substantially. We instead adopt a reduced simplified description where
the width is set to its minimal computed value ΓMED,min which amounts to larger signal cross-sections
(we will also check that ΓMED,min < mMED/2). For our simplified models we have

ΓMED,min = Γχχ +

Nf∑

i=1

Nc Γqiqi (51)

where Γχχ is the mediator decay rate into two DM fermions, and the sum is over the SM quark flavours.
Depending on the mediator mass, decays to top quarks may or may not be open i.e. mMED should be
> 2mt for an open decay. The partial decay widths of vector, Axial-vector, scalar and pseudo-scalar
mediators into fermions are given by,

ΓV
ff

=
g2
f (m2

MED + 2m2
f )

12πmMED

√
1−

4m2
f

m2
MED

, ΓA
ff

=
g2
f (m2

MED − 4m2
f )

12πmMED

√
1−

4m2
f

m2
MED

(52)

ΓS
ff

=
g2
f

8π
mMED

(
1−

4m2
f

m2
MED

) 3
2

, ΓP
ff

=
g2
f

8π
mMED

(
1−

4m2
f

m2
MED

) 1
2

(53)

wheremf denotes masses of either SM quarks q or DM fermions χ and the coupling constant gf denotes
either gSM or gDM.

For the simplified DM searches, the most universal DM search can be done by performing the
jets+MET search (so-called monojet search) [418–430].Depending on the choice for the mediator field
different production mechanisms will contribute. For vectors and axial-vectors the dominant mechanism
is the quark-antiquark annihilation at tree-level. For scalars and pseudo-scalars on the other hand, the
loop-level gluon fusion processes are more relevant. The representative Feynman diagrams for both
channels are shown in Fig. 55. In comparing DM collider searches with direct and indirect detection
experiments it is important to keep in mind that our collider processes and limits continue to be applicable

11In Ref. [413], gDM is parameterised for (pseudo-)scalar messengers as gDM = gχmDM/v to look symmetric w.r.t. (49),
and gχ is treated as a free parameter. Here we do not impose this requirement and leave gDM as the free parameter.
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Fig. 55: Representative Feynman diagrams for gluon and quark induced mono-jet plus MET processes. The
mediator X can be a scalar, pseudo-scalar, vector or axial-vector particle. The gluon fusion process involves the
heavy quark loop which we compute in the microscopic theory, while the quark-anti-quark annihilation is a tree-
level process at leading order.

for discovery of any dark sector particles escaping the detector. Hence dark particles produced at colliders
do not have to be the cosmologically stable DM.

Regarding the possible origin and the UV consistency of the simplified models (45)-(48), the
scalar and pseudo-scalar messenger fields in our simplified models (45)-(46) are singlets under the Stan-
dard Model. The simplified models (45)-(46) can arise from two types of the more fundamental the-
ories. The simplest theories of the first type are the two-Higgs-doublet models [431]. In this case the
mediators would originate from the second Higgs doublet. The other type of models giving rise to
our simplified models are even simpler in the sense that scalar mediators (and the dark sector particles
they are coupled to) can be genuinely neutral under the SM but mix with the neutral component of the
Higgs [391,394,432,433].These models provide a direct connection of the dark sector with Higgs physics
and can link the origin of the electroweak and the DM scales [402, 434–436]. The simplified dark sector
models with vector and axial-vector mediators in Eqs. (47)-(48) can also be derived from appropriate
first-principles theories. Since the mediators are spin-one particles, these UV models would necessarily
require the mediators to be gauge fields and the DM to be charged under these gauge transformations. A
classification of anomaly-free extensions of the Standard Model Abelian U(1)′ factor was given in [437]
and can be used for constructing an example of a consistent gauge-invariant vector and axial theories of
the type (48).

3.4.1.1 Dark matter projections

Difficulty exists in correctly modeling the production of the backgrounds at 100 TeV. In particular, the
knowledge of the gluon pdfs, the influence of higher order QCD effects, and corrections coming from
the electorweak Sudakovs. At 100 TeV collider energies, emission of additional radiation will result in
copious jet-production around the Electroweak scale. This will require delicate handling with respect
to matching and merging of parton shower and matrix element emissions. Given the likely timescale of
construction, and the rapid improvement in theoretical tools, none of the above issues should be regarded
as significantly likely to negatively affect the physics program at a 100 TeV collider. For this study,
we probe the sensitivity of the monojet search at the 100 TeV collider. The dominant backgrounds for
events in either the LHC or the future collider will come from Z → νν̄,W → `ν, and tt̄ production. To
simulate a hypothetical study, all samples are done using aMC@NLO [94] with 0,1,2 jets merged with
the excepton W+jets, where the second jet was not produced.

For the signal we use MadGraph for the Vector/Axial simplified models and a combination of
MCFM [438, 439] and VBFNLO [440–442] for the production of Scalar/Pseudoscalar mediators in as-
sociation with one and two-jets. The output LHE events are then merged using the CKKW-L interface
of Pythia 8 [406]. NNPDF3.0 [443] PDF’s are used for the generation of all Monte-Carlo samples.
This scheme of generation allows for the full use of the second jet in the discrimination of signal and
background.
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The signal extraction is performed with a full shape analysis of the MET distribution following a
selection of the monojet final state. The dominant backgrounds combine from Z → νν̄ production. The
second largest background is comes from theW boson production where a lepton is either fails the lepton
identification or is out of the acceptance of the detector. The third largest background comes from tt̄ pro-
duction where again a lepton from one of the W boson decays is outside of the detector volume. For the
Z → νν̄ background, the Z → µ+µ− control region is used to model the background. For the W → `ν,
top and diboson backgrounds, we use the single lepton control region. For each of these control regions
the full statistical uncertainty on the shape is propagated per bin on each of the backgrounds with an
additional one percent uncertainty uncorrelated per bin to account for additional modelling uncertainties.
For all but the tail bins of the shape uncertainties on the /ET spectrum are roughly 1% with the dominant
uncertainty resulting from the additional one percent modelling uncertainty. The signal is profiled using
the standard limit extraction (CLs) [444, 445]. Additional nuisances are placed on the background nor-
malization for lepton efficiencies and luminosity. The overall uncertainy setup is extremely conservative
since more advanced approaches are in use at the LHC. Also, it is likley that advances in the understand-
ing of higher order electorweak and QCD corrections will be able to further constrain these backgrounds
to sub-percentage precision.

Detector effects for a pseudo future high energy detector, and LHC detector are simulated requiring
the same jet and MET resolutions as the CMS detector with the one exception that the detector has an
added lepton acceptance extended up to |η| < 4.0 and |η| < 5.5 for the 14 TeV and 100 TeV detectors
respectively [305, 446, 447]. Effects from pileup are taken to account to match the expected conditions
for high luminosity running at the LHC.

Kinematic distributions for our simplified models of dark sectors alongside the main SM back-
grounds are shown in Fig. 56. The distributions are shown as functions of two kinematic variables, pT of
the leading jet, and missing energy /ET . The event selection cuts imposed for the distributions in Fig. 56
are /ET ≥ 200 GeV and min(∆φ/ET ,ji) ≥ 0.5, where i runs over all jets in each event.

3.4.1.2 Direct and Indirect Detection Limits

Comparisons for direct and indirect detection cross sections be determined from the Lagrangians
Eq. (45)-(48) giving,

σVχp =
9

π

g2
DMg

2
SMρ

2

m4
MED

(54)

and

σAχp =
3

π

g2
DMg

2
SMa

2ρ2

m4
MED

, (55)

with a ' 0.43 [410, 448] and the reduced mass ρ = mDMmp/(mDM + mp), for the cross section of a
DM particle scattering spin-independently (vector mediator) or spin-dependently (axial-vector mediator)
from a proton.

The cross section for a DM particle scattering from a nuclei via a scalar mediator of Eq. (45) is
given by [449–451]

σSχp =
ρ2

π

∣∣∣∣∣∣
∑

q=u,d,s

fpq
mp

mq

(
gDMgqyq
m2

MED

)
+

2

27
fTG

∑

q=c,b,t

mp

mq

(
gDMgqyq
m2

MED
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2

, (56)

where fp(n)
u = 0.021(0.019), fp(n)

d = 0.041(0.045), fps = 0.043 and fTG ' 1−∑q=u,d,s f
n
q [363,452,

453] and mp is the proton mass.
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Fig. 56: Kinematic distributions for signal scalar and mediator models and the SM backgrounds at 14 TeV(top)
and 100 TeV(bottom) assuming 1 ab−1 of integrated luminosity. We show four kinematic variables: pT of the
leading jet (left)and the missing energy /ET (right). Ratios of (S +B)/B are shown for each observable. The red
bands indicate the uncertainties on the background distributions. The accordingly color-coded numbers for sig(JJ)
and sig(J) give the statistical significance to disfavour the presence of the signal using the CLs method.

When comparing the expected sensitivity for the LHC and a 100 TeV collider for DM searches to
those of Direct Detection it is interesting to compare the expected impact of the neutrino wall [284,411].
We take their interaction cross section to be indicative for the ultimate reach of DD experiments [284,
411]. For a pseudo-scalar mediator, taking existing limits into account [454, 455], indirect detection
experiments can result in stronger limits than direct detection experiments [456, 457]. For the simplified
model of Eq. (46), we use the velocity-averaged DM annihilation cross section into b̄b,

〈σv〉Pb̄b =
NC

2π

(ybgb)
2g2
DM m2

DM

(m2
MED − 4m2

DM)2 +m2
MEDΓ2

MED

√
1− m2

b

m2
DM

, (57)

which allows us to derive a limit on the parameters in the b̄b channel [454].

3.4.1.3 Results

Results are obtained scanning over a spectrum of signal models at 14 TeV and 100 TeV. A predicted
luminosity of 1 ab−1 is used for both analyses, so the sensitivity can be compared directly. We note that
this amount of integrated luminosity is a rather modest amount compared to what is likely to be collected
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at a future collider, the LHC bounds on the other hand represent a qualitative upper bound given the run
plans over the next 10 years.

Figure 57 presents the total cross section which the analysis excludes for each of the four mediator
types defined in Eqs. (45)-(48).We define our cross sections by setting gDM = gSM = 1 and select
the mediator mass as indicated in the legend of each figure respectively. As an illustrative example we
have chosen a relatively small characteristic value of 100 GeV, although the results obtained for other
kinematically accessible values of DM mass were found to be similar. The kinematics of the process are
then completely specified once the couplings gDM and gSM are set, since this fixes the minimal width of
the mediator [413]. The excluded cross section is then related to the predicted cross section as follows,

σ = µ σ(gDM = 1, gSM = 1,mMED), (58)

With the kinematics of the model fixed we set a limit on µ defined above using the CLs-method, again
assuming 1 ab−1 of data. Values with µ < 1 indicate the excluded couplings and width are smaller
than the tested model, and the point is then excluded. In Fig. 57 we also distinguish between the mono-
jet (shown in green) and the multi-jet-based analyses (shown in yellow). It can be seen that the new
multi-jet-based analysis is more powerful and provides a considerable improvement at 14 and at 100
TeV.
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Fig. 57: Cross section exclusion limits as a function of mediator mass for a fixed DM mass at a given coupling. We
show results for vector (upper left panel), axial-vector (upper right panel), scalar (lower left panel) and pseudoscalar
(lower right panel)
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For the case of scalar and pseudo-scalar mediators at 14 TeV there is a cross-over for mediators heavier
than ' 1 TeV, which is absent at 100 TeV. This corresponds to exactly the regions of phase space in
which the off-shell effects dominate. The one-jet sample has access to the significant cross section which
arises from the tails of the Breit-Wigner distribution, whereas the multileg sample does not. This region
therefore has large theory errors using the multi-leg sample. However, we note that the region of phase
space for which the multi-leg sample breaks down is far from the values of µ = 1, so this region of phase
space is of limited importance in regards to setting limits on model parameters. Finally we note that
Fig. 57 also includes cross sections for interesting SM predictions which the 100 TeV collider and Run
II of the LHC will investigate. We present the cross sections for ttH and HH and show their relative
size compared to our DM predictions.
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Fig. 58: Mass limits for vector mediator models (left panel) and axial-vector models (right pannel) at 14 and 100

TeV colliders using the multi-leg and a single-leg analysis. We also show the neutrino wall limit of the direct
detection.
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ments is shown in the left plot and the indirect detection limit for pseudo-scalars using FERMI-LAT data [454] is
shown as a tiny speck in the lower left of the plot on the right.
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In Figs. 58 and 59 we show these exclusion contours for the simplified model analysis using a fixed
value of the mediator couplings, gDM = gSM = 1 for all 4 mediator models of Eqs. (45)-(48). To enable
the direct comparison between different experiments/techniques, these figures show all five exclusion
contours – the 14 TeV and the 100 TeV limits, using both the one-jet and the multi-jet analysis, together
with the DD/ID non-collider limits/projections.

It is interesting to note the dependence of the DD limits in the scalar mediator case on the number
of quark degrees of freedom it couples to. Unlike the production mechanism at collider searches which is
sensitive only to the heavy top quark, the DD limits are sensitive also to light degrees of freedom thanks
to the cancellation of the quark mass in the yq/mq factor in Eq. (56). Thus, the DD limits are quite
sensitive to choice of flavors that mediator couples to in the simplified model. The magenta contour in
in Fig. 58 represents the inclusion of interactions with all quark flavors (as in the simplified model in
Eq. (45)). For a different choice of the simplified model, for example with only the top quark couplings
to the mediator, the DD contour is shown in red. The difference between the red and magenta contours in
the scalar mediator case in Fig. 58 shows the sensitivity of the DD limits to a range of simplified models;
at the same time the collider searches are are primarily sensitive to the scalar-to-top couplings12. For
this parameter choice we note that the collider constraints lie below the neutrino wall for 1 ab−1, as the
100 TeV collider collects more data the wall can be breached. As an example we plot the expected limit
given 100 ab−1 of 100 TeV data for the scalar mediator.

3.4.2 Comparison with Relic Density
Finally, in the context of simplified models, we can compare the sensitivity of the four mediator types
with the relic density bounds. The relic density bound serves as a qualitative upper bound for the sim-
plified models [458]. If full coverage can be obtained over the range of the allowed space given the
relic constraints, the simplified model can probe all allowed space consistent with the relic density. Such
models can be modified to circumvent the relic density constraint. However, most modifications of the
simplified model which embed them in more realstic models lead to tighter constraints on the relic den-
sity.

The bounds from a 100 TeV collider, the neutrino wall, and the projected bounds from indirect
detection are shown in Fig. 60. From these bounds, we observe that the allowed mediator masses that
preserve the relic density are exlucded by direct detection for vector mediators. The axial mediators are
nearly excluded by the collider bounds, and with additional data will be excluded. The allowed scalar
region is excluded up to roughly 3 TeV, and the pseudoscalar is excluded up to 3.5 TeV. The allowed
regions for both the scalar are not completely covered. The pseudoscalar, in particular, poses the largest
challenge to be constrained by either indirect detection or collider constraints. It should be noted that
both the direct photon line and indirect Fermi and HESS projections are shown for the indirect bounds
in Fig. 60.

3.4.3 Probing Thermal DM with Monojets and Dijets
Simplified models offer a useful framework to focus on the interactions of the DM particles, while
at the same time being flexible enough to allow for a rich phenomenology [301]. As pointed out in
Refs. [303, 459, 460], one of the central implications of assuming the presence of a new mediator is that
one can probe the model not only with collider searches based on missing energy in association with SM
particles, but also with dedicated searches for the mediator particles themselves, which make use of the
fact that any mediator produced from SM particles in the initial state can also decay back into SM states.
Combining both kinds of searches it is possible to constrain the visible and invisible decay modes of the
assumed mediator and hence probe a wide range of mediator masses.

In the present study we demonstrate this complementarity for a 100 TeV circular proton collider
12We note that in the previous figures the ν-wall curve corresponds to the magenta curve.
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Fig. 60: Mass limits for scalar mediator models (top left panel), pseudo-scalar models (top right panel), vector
models (bottom left panel), and axial models (bottom right panels) at 100 TeV colliders. The neutrino wall af-
fecting the direct detection experiments is green for all plots expluding the pseudo-scalar mediator, where the
projected indirect detection limit using FERMI-LAT and HESS projections data [299] is shown. The relic density
is additionally computed all allowed mediator and DM masses are contained within the relic density lines.

and compare the resulting constraints to the parameter space compatible with WIMP freeze-out. For
concreteness, we consider the case of a spin-1 mediator, which could e.g. be the massive gauge boson
of an additional broken U(1)′ gauge symmetry. As discussed in [461], it is important that the couplings
of the mediator are chosen in a way that preserves gauge invariance and that perturbative unitarity is not
violated in the parameter regions under consideration. Following [461], we therefore assume that the
WIMP is a Majorana fermion and that the mediator has only vectorial couplings to SM quarks:

L ⊃ −gq
∑

q

Z ′µ q̄γµq −
gDM

2
Z ′µ χ̄γµγ5χ . (59)

This choice suppresses constraints from electroweak precision observables, searches for dilepton res-
onances and DM direct detection experiments, which would otherwise rule out most of the parameter
space compatible with thermal freeze-out. In other words, we focus on a typical case that the 100 TeV
collider will have to tackle if no DM detection arises in the next decade.
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Fig. 61: Expected sensitivity of monojet (green) and dijet resonance (blue) searches at the 100 TeV collider
(dashed lines) compared to the expected sensitivity of the LHC at 14 TeV (dotted lines) and the parameter values
that reproduce the observed relic abundance (red, solid). The grey regions are excluded by perturbative unitarity
(cf. [461]).

Constraining simplified models. To calculate the expected sensitivity of the 100 TeV collider
for simplified models we assume an integrated luminosity of L = 10 ab−1 at a centre-of-mass energy of
100 TeV. For comparison, we also show the reach of the Large Hadron Collider with L = 300 fb−1 at
14 TeV (LHC14).

Monojets: We implement the analysis strategy suggested in [462], which essentially corresponds to
a scaled-up version of the most recent CMS analysis [422]. Most importantly, the analysis cuts re-
quire missing transverse energy (/ET ) in excess of 2.6 TeV. We simulate the expected signal using
MadGraph v5 [94] and Pythia v6 [112]. In existing monojet searches, detector effects play a rather
small role, leading to a modest reduction of the monojet cross section by about 20% [463], and we
assume that these effects are of similar size in future colliders.

We also simulate the dominant SM background, which arises from invisibly decaying Z-bosons,
pp→ j +Z(→ νν̄). In addition to statistical uncertainties, we include 1% systematic uncertainties, im-
plying that statistical and systematic uncertainties are of comparable magnitude. Denoting the expected
number of background events byB, we can then potentially exclude a given set of parameters at 95% CL
if the predicted number of signal events S violates the inequality S2/(S+B+ (0.01B)2) < 3.84 [429].
We find that the 100 TeV collider can probe any physics contributions in excess of σcrit = 0.15 fb.

For the LHC we implement the analysis strategy proposed in [464], which requires /ET >
800 GeV. For the cuts that we employ, and assuming 2% systematic uncertainties, we find that the
LHC will be able to probe monojet cross section larger than σcrit = 0.6 fb.

Dijets: The search for dijet events coming from the pp → Z
′ → jj process probes the large-

mDM parameter region [303]. We simulate this signal by means of MadGraph v5, Pythia v6 and
Delphes v3 [113]. The background expectations after imposing the cuts adopted in the CMS dijet anal-
ysis [465] are extracted from [466]. We apply these cuts to the signal using MadAnalysis [467]. The
reach of the 100 TeV collider to this signal is then estimated by applying the CLs method to the distri-
bution of the dijet invariant mass mjj , neglecting systematic uncertainties. This approach allows us to
probe even broad resonances. We proceed in the same way for LHC14.

Combination: In Fig. 61 we show several examples for the expected sensitivity of the 100 TeV collider
compared to the projection for LHC14 TeV and the parameters that reproduce the observed DM relic
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Fig. 62: Largest value of mmed compatible with the observed relic abundance (for several values of gDM; solid
lines) in comparison with the largest mediator mass that can be probed by the 100 TeV collider (dashed lines) and
LHC14 (dotted lines) as a function of the quark coupling gq . In the left panel we tune mDM in such a way that the
resonant enhancement is maximised, whereas in the right panel we fix mDM = 0.45mmed.

abundance (ΩDM/h
2 = 0.119) as calculated with micrOMEGAs v4 [468]. Note that we do not display

direct detection bounds, which are strongly suppressed for the coupling combinations that we consider
and therefore turn out not to be competitive to the bounds from colliders. Theoretical constraints from
perturbative unitarity (cf. [461]) are also shown.

Probing the resonance region. For the cases considered in Fig. 61, the 100 TeV collider is
sensitive to all parameter points compatible with the observed DM relic abundance. However, for small
couplings and mDM ≈ mmed/2 there is a strong enhancement of the DM annihilation cross section
due to the mediator going on-shell in the process χχ → qq̄. As a result, very large mediator masses
can still be compatible with the observed DM relic abundance. This is quantified in Fig. 62, which
displays the maximal mmed allowed by ΩDM/h

2 ≤ 0.119 as a function of gq for several values of gDM
(solid lines). In the left panel we tune mDM for each value of gq and gDM to maximise the resonant
enhancement during thermal freeze-out, which typically requires mDM slightly below mmed/2 due to the
kinetic energy of the annihilating DM particles. For small couplings, the resonance is very narrow and
the resonant enhancement is possible only at the expense of a large fine-tuning on mDM. In the right
panel we therefore show an example without excessive tuning (setting mDM = 0.45mmed) such that the
effect of the resonance is reduced rather than enhanced for very narrow resonances and smaller mediator
masses are required to reproduce the observed relic abundance.

The crucial observation is that dijet resonance searches at the 100 TeV collider potentially possess
the sensitivity to probe even the resonance region. Figure 62 also shows the maximum mediator mass
that can be probed by the 100 TeV collider (dashed curve) and LHC14 (dotted curve). We conclude
that for most of the values of gDM and gq that we consider, the 100 TeV collider can probe all mediator
masses and DM masses compatible with thermal freeze-out. This conclusion is made explicit in Fig. 63,
where we show the potential reach of the 100 TeV collider and LHC14 as a function of the two couplings
gq and gDM. We observe that only highly-tuned corners of parameter space (with mDM ≈ mmed/2 and
gq � gDM) can potentially evade detection at a 100 TeV collider. In the largest fraction of the allowed
parameter space, on the other hand, the 100 TeV collider will be able to probe the assumption of thermal
freeze-out for the simplified model that we consider. Notably, this conclusion applies even to the scenario
where the analyzed DM particle constitutes only a fraction of the total relic density, which requires even
smaller mediator masses.
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gDM parameter plane, when setting mmed to the largest value compatible with the observed relic abundance (as
indicated by the black dashed lines). In the left panel we tune mDM in such a way that the resonant enhancement
is maximised, in the right panel, we fix mDM = 0.45mmed.

3.4.4 Light Mediators: Dark Photons at a 100 TeV collider
A 100 TeV collider extends the mass reach of direct searches for new physics over the LHC and other
lower-energy colliders. There are also precision studies that can only be performed at such a high energy
machine, such as high-invariant-mass measurements of the Drell-Yan (DY) spectrum. These allow for
model-independent searches for new TeV-scale electroweakly charged states through their effect on the
RG evolution of SM gauge couplings [469]. A somewhat less appreciated possibility is that the 100
TeV collider can discover new physics that produces only low-energy objects, such as certain exotic
Higgs decays [470] or low-mass hidden sectors. One might think that lepton colliders are better suited
to discover such new physics, since reconstruction of low-pT events with multiple soft objects is greatly
aided by the much cleaner final state compared to hadron colliders. However, if the final state is conspic-
uous enough, e.g. by producing multiple leptons and/or photons, then the enormous production rate and
luminosity at a 100 TeV collider (and to a lesser extent the HL-LHC) can easily outweigh this advantage,
and allow access to Beyond the Standard Model (BSM) couplings that are several orders of magnitude
smaller than what is possible at the statistically limited lepton collider experiments.

The 100 TeV collider can therefore act as an intensity frontier experiment for the study of, for
example, light hidden sectors. One of the best examples to demonstrate this capability are BSM theories
with dark photons [471–474]. This will also demonstrate the complementarity of future lepton and
hadron colliders in offering different experimental probes of the same BSM scenario. Here we very
briefly summarize the work in [474], which studied the experimental reach of current and future lepton
and hadron colliders to study BSM sectors with dark photons.

The minimal benchmark model for dark photons features a dark U(1)D gauge symmetry that
mixes with hypercharge via a small kinetic mixing ε:

L ⊃ −1

4
B̂µν B̂

µν − 1

4
ẐDµν Ẑ

µν
D +

1

2

ε

cos θ
ẐDµν B̂

µν +
1

2
m2
D,0 Ẑ

µ
D ẐDµ . (60)

Here B̂, ẐD are the hypercharge and U(1)D gauge bosons with non-canonical kinetic terms. The kinetic
mixing can be eliminated via a field redefinition to make the kinetic terms canonical. This results in fields
charged under SM hypercharge effectively acquiring a “milli-charge” under theU(1)D gauge interaction.
This gives rise to an effective mass mixing between the dark photon ZD and the SM Z-boson through the
acquired milli-charge of the SM Higgs. Diagonalizing the gauge boson mass matrix yields a Lagrangian
containing ZDff̄ and hZDZ couplings of O(ε). In the absence of other hidden-sector states lighter
than the dark photon, ZD decays dominantly to SM fermion pairs with gauge-like branching ratios. This
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results in sizable branching fractions to SM leptons, and should be contrasted with e.g. new scalar states
that couple to SM fermions with Yukawa-like interactions and decay dominantly to third generation
fermions.13

The dark photon mass term m2
D,0 in Eq. (60) arises most simply by introducing a “dark Higgs” S

that breaks U(1)D via a vacuum expectation value in analogy to the SM Higgs mechanism. This expands
the scalar sector of the SM as follows:

V0(H,S) = −µ2|H|2 + λ|H|4 − µ2
S |S|2 + λS |S|4 + κ|S|2|H|2 , (61)

where the renormalizable coupling κ induces mixing between the SM Higgs and S, and is assumed to be
small so as not to greatly modify the properties of the observed SM-like Higgs boson. Apart from Higgs
coupling modifications, this mixing also induces hZDZD terms ofO(κ). (This term is also generated by
kinetic mixing, but only at O(ε2).)

Historically, most of the effort in searching for dark photons has been devoted to masses in the
range MeV . mZD . 10 GeV, through techniques as diverse as precision QED measurements, rare
meson decays, supernova cooling, collider experiments, and beam dumps [475–510]. However there is
no theory reason not to extend the searches to the entire experimentally accessible range [470, 470, 495,
496,511–515]. Generation of dark photon masses in natural theories has been studied in [477,516–519],
and in many cases can allow for natural dark photons above 10 GeV equally well.

In our study of dark photon signatures, it is useful to distinguish the hypercharge portal, i.e. the
kinetic mixing ε in Eq. (60), from the Higgs portal, i.e. the Higgs mixing κ in Eq. (61). Both refer to
renormalizable operators connecting the SM to a hidden BSM sector, and both generate distinct leading
signals that may be observed at future lepton and hadron colliders. Note that while some aspects of the
Higgs portal coupling were studied already above, that study was restricted to the case where the Higgs
is the only mediator to the DM sector, while here the mediator couples to the Higgs portal, thus allowing
for mixing with the Higgs and a vast range of complementary signatures not studied above.

The most promising signatures of the hypercharge portal that were studied in [474] are 1. elec-
troweak precision observables (EWPOs) sensitive to the hypercharge portal, 2. the process pp→ ZD →
`+`− production via DY-like direct production and 3. exotic Higgs decays via the hypercharge portal,
h→ ZZD → 4`. Their reach is compared in the plane of dark photon mass vs. kinetic mixing in Fig. 64.
Ideally, detection in all three channels, at both future 100 TeV and lepton colliders, would allow for a
detailed diagnosis of the dark sector.

If there is non-negligible mixing between the SM-like and the dark Higgs, additional measure-
ments are possible via the Higgs portal. It is useful to define the effective mixing parameter

κ′ = κ
m2
h

|m2
h −m2

s|
. (62)

The most promising Higgs portal signature is the exotic Higgs decay h → ZDZD, with branching
fraction that scales as O(κ′2). As long as the ZD are produced on-shell, they decay via the hypercharge
portal without ε affecting the ZDZD production cross section. As Fig. 65 makes clear, this is the scenario
where the advantages of the 100 TeV collider as an intensity frontier experiment are most apparent.
Branching ratios as low as Br(h → ZDZD) ∼ 10−7(10−8) can be probed with 300 fb−1 (3 ab−1)
when ZD decays promptly, since the search for the 4` final state with two mZD resonances and one mh

resonance is practically background-free.

Prompt ZD decay implies ε & 10−5. Detection of prompt h → ZDZD → 4` is therefore already
sensitive to kinetic mixings much smaller than what can be probed directly. That sensitivity is greatly
extended when expanding the search to include long-lived particles produced in exotic Higgs decays.

13See [474] for a MadGraph [111] implementation, as well as tables of branching ratios and decay widths.
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Fig. 64: Summary of dark photon constraints and prospects (see [474] for references). High-energy colliders
(LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision QED
observables and searches atB- and Φ-factories, beam dump experiments, and fixed target-experiments probe lower
masses. Dark photons can be detected at high-energy colliders in a significant part of open parameter space in the
exotic decay of the 125 GeV Higgs boson, h → ZZD → 4`, (blue curves) in Drell-Yan events, pp → ZD →
``, (red curves) and through improved measurements of electroweak precision observables (green/purple dashed
curves). Note that all constraints and prospects assume that the dark photon decays directly to SM particles,
except for the precision measurements of the electron/muon anomalous magnetic moment and the electroweak
observables. Figure taken from [474]. Drell-Yan projections are rescaled from the LHC results of [514, 515], and
we anticipate some further improvement at high masses may be possible.

This is separately motivated in theories of Neutral Naturalness [523, 524] and more generally in Hidden
Valleys [525–528], of which the dark photon scenario is a particular example.

Figure 66 illustrates the sensitivity to kinetic mixing achievable if dark photon decays within a
1 or 10m detector volume could be reconstructed at the LHC or a 100 TeV collider (assuming prompt
lepton efficiencies and expected signal-to-background). Different contours indicate different assumptions
made for the exotic Higgs decay branching ratio Br(h → ZDZD), which can be relatively large even if
kinetic mixing is tiny. The enormous rate of Higgs production at a 100 TeV collider compensates for the
overwhelming fraction of dark photons that escape the detector for very small kinetic mixing, allowing
ε as small as ∼ 10−10 to be probed. This opens a window onto a broad swath of otherwise inaccessible
parameter space, and relies on having available a production mechanism for dark sector states that is
separate to the coupling which controls their decay to SM particles. Searches with sensitivity to the
displaced dilepton final state are already underway at the LHC [529, 530].
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Fig. 65: Expected 95% CLs limits on the total exotic Higgs decay branching ratio, Br(h → ZDZD) (top), and
the effective Higgs mixing parameter κ′ (bottom) at the LHC (left) and a 100 TeV pp collider (right). Gray
bands correspond to regions where quarkonium background may invalidate these projections. The limits obtained
in [470] from a recast of LHC Run 1 results are shown in red (h → ZZ∗ → 4` search by CMS [520]) and blue
(ATLAS ZZ cross section measurement [521]) shaded regions. The limit from the CMS 8 TeV h → 2a → 4µ

search [522] is shaded in orange, assuming the efficiencies for pseudoscalar and dark photon decay to muons are
the same. Figure from [474].

For the Higgs portal, important complementarities with the capabilities of future lepton colliders
can also be identified.

– A sizable Br(h→ ZDZD) is generated through non-negligible mixing of the SM-like Higgs with
the dark Higgs S. This leads to potentially detectable Higgs coupling deviations at lepton colliders.

– Direct production of the SM-singlet dark Higgs s is possible at both lepton and hadron colliders,
either directly or through exotic decays of the SM-like Higgs boson. If s can only decay via its
mixing with the Higgs, the dominant final state will be third-generation fermion pairs b̄b, τ+τ−

and c̄c. If s is light enough to be produced at lepton colliders, the energy of its decay products may
be so low that reconstruction of these final states without resonances of light leptons is difficult
at a 100 TeV hadron collider. In that case, the clean environment of a lepton collider could prove
invaluable in searching for s→ b̄b, τ+τ− signals.

Finally, the potentially stunning sensitivity of a 100 TeV collider to dark photon signatures is only
possible if future detector designs allow for the recording and reconstruction of relatively soft objects,
with pT ∼ O(20 GeV), as well as low-mass ∼ O(10 GeV) displaced decays. If these requirements are
satisfied, a 100 TeV collider could easily discover hidden sector signatures that cannot be probed by any
other means.

92

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

532



10-3 10-2 0.1 1 10 102 103
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

mZD [GeV]

ϵ
LHC14, 300/fb, L < 1m

EWPT

CMS7, DY

CMS8, h→ZZD

LH
C8
, D
Y

Electron & Proton

Beam Dumps

Supernova

aμ, 5σ

aμ,±2σ favored

ae

Electron FT

Meson Decays

e+e- Colliders

-5

-4
-3
-2
-1

Countours of

Log10[Br(h→ZDZD)]

10-3 10-2 0.1 1 10 102 103
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

mZD [GeV]
ϵ

100 TeV, 3000/fb, L < 1m

EWPT

CMS7, DY

CMS8, h→ZZD

LH
C8
, D
Y

Electron & Proton

Beam Dumps

Supernova

aμ, 5σ

aμ,±2σ favored

ae

Electron FT

Meson Decays

e+e- Colliders

-7
-6
-5
-4
-3
-2
-1

Countours of

Log10[Br(h→ZDZD)]

Fig. 66: Estimate of expected 95% CLs limits on ε for different Br(h → ZDZD) at the LHC (left) and a 100
TeV collider (right), assuming a displaced lepton jet search has the same sensitivity to decays within the given
distance from the interaction point as a prompt ZDZD search (see Fig. 65). A detector size L of 1 m is assumed
for all plots. Gray shaded regions show current constraints (see [474] for references).

3.5 WIMP, Non-Minimal Models
3.5.1 Gluino, Stop Coannihilation
A non-minimal scenario that can thermally produce the correct relic abundance and may be testable at a
future collider is co-annihilation. For concreteness we consider the DM to be a bino (electroweak singlet)
and the co-annihilator to be a colored sparticle with a mass m = 1.05 mχ̃ where mχ̃ is the bino mass.
The near mass degeneracy allows the bino annihilation rate (with the co-annihilator) to increase which
decreases the relic abundance. The mass that gives the correct relic abundance depends on the splitting
between the bino and co-annihilator. The collider rate, on the other hand, is determined by the mass of
the co-annihilator.

The first co-annihilator we consider is the gluino which is a color octet fermion. At 100 TeV
one finds a reach for the bino of 5.8 TeV to 6.2 TeV.14 The reach is shown in Fig. 67 (left). In this
figure the upper x-axis shows the bino mass assuming mg̃ = 1.05 mχ̃ while the lower x-axis shows the
mg̃ −mχ̃ value for which one finds the correct relic abundance [531]. In this projection the gluinos are
pair produced and assumed to decay via g̃ → χ̃+undetected. The most effective search is in the monojet
channel.

The second co-annihilator we consider is the right handed stop which is a color triplet scalar. The
expected exclusion for the bino is 2.4 TeV to 2.8 TeV and in fact the discovery reach is 1.7 TeV to 2.1
TeV and is shown in Fig. 67 (right). The x-axes, the same as in the gluino case, show the bino mass
assuming mt̃ = 1.05 mχ̃ and the mt̃ −mχ̃ value for the relic abundance [531, 532]. The stops are pair
produced and assumed to decay via t̃→ χ̃+ undetected so the monojet channel is used.

Relative to 14 TeV, the increase is reach is about a factor of 5. Importantly, however, the factor of
5 is enough to cover the thermal relic region for stops and come fairly close to covering the region for
gluinos.

14Actually the reach is 6.1 TeV to 6.5 TeV on the gluino and is not too sensitive to the bino mass.

93

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

533



 [GeV]χ [GeV]χ [GeV]∼m
0 2000 4000 6000 8000

Bδ
S/

0000

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fbBino/gluino coan.Bino/gluino coan.Bino/gluino coan.Bino/gluino coan.Bino/gluino coan.Bino/gluino coan.Bino/gluino coan.
1-2% syst.1-2% syst.1-2% syst.1-2% syst.1-2% syst.1-2% syst.1-2% syst.

Monojet

95%

σ5

100 TeV
14 TeV

m [GeV]Δ
50 100 140 140 120 90 60 30 10 0

 [GeV]χ [GeV]χ [GeV]∼m
0 1000 2000 3000 4000

Bδ
S/

0000

1

2

3

4

5

6
-1

M
adG

raph5 + Pythia6 + D
elphes3, L = 3000 fbBino/stop coan.Bino/stop coan.Bino/stop coan.Bino/stop coan.Bino/stop coan.Bino/stop coan.Bino/stop coan.

1-2% syst.1-2% syst.1-2% syst.1-2% syst.1-2% syst.1-2% syst.

Monojet

95%

σ5

100 TeV
14 TeV

m [GeV]Δ
25 25 15 5 0

Fig. 67: Reach for binos that co-annihilate with gluinos (left) and and binos that co-annihilate with stops (right).

One obvious direction for future study is to consider also looking for the decay products of the
gluino or stop. This may be challenging because the most likely decays are g̃ → χ̃jj via an offshell
squark and t̃→ χ̃bjj or t̃→ χ̃b`ν via an offshell top, where the jets and leptons will have a momentum
∼ ∆mwhich isO(10) GeV in the preferred parameter region. It is not clear how feasible it will be to tag
such low pT objects at 100 TeV. On the other hand, in the monojet channel the g̃g̃ or t̃t̃∗ system recoils
against a hard jet, so one can expect more energetic decay products when using certain selection criteria.

3.5.2 MSSM Dark Matter
A crucial question in the development of a new collider program is whether, beyond increasing our
sensitivity and mass reach to new phenomena, the design energy and luminosity can provide us with
definite answers to our most pressing questions. DM motivated SUSY is a very compelling framework to
ask ourselves this question for a high energy hadron collider project, such as the 100 TeV proton collider.
SUSY is one of the best motivated theories of physics beyond the SM. The DM relic density provides
us with well-defined constraints on the mass and the nature of the WIMP candidate. In the MSSM with
neutralino LSP, χ0

1 masses above 3.5-4 TeV are strongly disfavoured by the universe overclosure bounds,
thus defining a mass scale well within the reach of the 100 TeV collider energy. In addition, direct DM
searches set constraints probing more and more in depth into the MSSM parameter space, in particular
for values of the µ parameter below 1-1.5 TeV. These constraints are complementary to those derived
from direct searches at the LHC and indirect sensitivity from the Higgs sector.

For this report, the sensitivity of an 100 TeV pp collider to DM-motivated MSSM has been study
by scans of the 19-parameters pMSSM where the SUSY particle masses have been independently varied
up to 20 TeV. The pMSSM has been extensively used to assess the current and projected coverage of
the MSSM parameter space by the LHC searches [533–536]. Generated pMSSM points have been
checked against low-energy and flavour physics constraints and the lightest Higgs boson mass has been
required to be in the range 119< Mh0 <129 GeV. In addition, we require the neutralino relic density
not to exceed the PLANCK CMB result, when accounting for systematic uncertainties. This allows for
additional, non-SUSY contributions to the relic density from CMB. For each accepted pMSSM point,
sets of inclusive SUSY events have been generated and the physics objects computed after a parametric
detector simulation.

Searches in jets+MET, leptons+MET, monojets and monoW/Z+MET have been evaluated using
analysis strategies derived from those currently performed on the LHC data, but re-optimising the kine-
matical cuts. Results have been obtained in terms of the fraction of pMSSM points that could be excluded
in case no excess of events is observed with a given integrated luminosity of 100 TeV pp data and when
combining with current and future DM direct detection data. Results are summarised in Fig. 68 and
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Fig. 68: Fraction of DM-motivated pMSSM points with neutralino LSP and SUSY masses up to 20 TeV excluded
by searches at a 100 TeV pp collider in the neutralino scattering cross section vs. neutralino mass plane. Current
and projected limits from DM direct detection experiments are overlayed.

√
s L Collider +LUX +LX +3rd Gen.

(TeV) (ab−1) (MET) DM DM DM

100 1.0 0.63 0.65 0.73 0.90

100 3.0 0.67 0.69 0.75 0.91

100 5.0 0.69 0.72 0.76 0.92

Table 4: Fraction of DM-motivated pMSSM points with neutralino LSP and SUSY masses up to 20 TeV excluded
by searches at a 100 TeV pp collider and DM direct searches.

Table 4 showing how the combination of 100 TeV collider and future DM direct detection experiments
can virtually saturate the MSSM parameter space, if SUSY is responsible for (at least part of) DM.

In gravitino DM models with thermal leptogenesis, the interplay of gravitino relic density, re-
heating temperature of the Universe after the inflationary phase, TRH and the gluino mass,Mg̃, determine
an upper bound on the gluino mass relevant to the HL-LHC and also a high energy hadron collider [537].
With a sensitivity to the gluino mass up to ∼10 TeV, the 100 TeV collider can fully probe these models
for TRH > 3× 108 GeV (see Fig. 69).

3.6 Beyond WIMP DM
As mentioned in the introduction, there is a variety of DM models where the observed relic density is
obtained by a mechanism different from WIMP freeze-out, but which nevertheless are testable in collider
experiments.

Here we will discuss an example of an asymmetric DM (ADM) model, a scenario with a composite
hidden sector, a model of super-WIMPs and a variation of supersymmetry where the abundance of the
DM candidate, the gravitino, is set by decays of the next-to lightest supersymmetric particle. All these

95

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

535



Fig. 69: Distribution of DM-motivated pMSSM points with gravitino LSP, neutralino NLSP and SUSY masses
up to 20 TeV in the re-heating temperature vs. gluino mass plane. A constraint on the gluino mass can exclude
gravitino LSP models with thermal leptogenesis requiring re-heating temperatures above ∼ 5× 108 GeV.

models lead to collider signatures that could be detectable at a hadron collider but which are different
from the usual DM search channels. Their detectability should therefore also be taken into account when
discussing future collider experiments.

What this section is not, but what would be highly desirable for the future, is a full classification of
beyond-WIMP DM signatures which are relevant for colliders. In particular the testability of the ADM
paradigm (and not just particular models) at a future collider should be analyzed further.

3.6.1 Asymmetric DM through the Higgs Portal
The Higgsogenesis scenario introduced in Ref. [538] is one of the most compact ADM models. The DM
sector consists of a pair of a vector-like SU(2) doublet of fermions X2 and a neutral fermionic singlet
X1 (the DM candidate), and is thus similar to the singlet doublet models mentioned above and to the
Bino/Higgsino scenario, which can be probed at a 100 TeV collider up to masses of order 1.2 TeV, see
Fig. 45 and Ref. [70] for more details.

The basic idea is to use the chemical potential of the Higgs to transfer an asymmetry between the
SM and the DM sector. After an asymmetry is generated in the visible sector, but before electroweak
symmetry breaking, the Higgs carries a nonzero charge asymmetry, which is transferred to the DM sector
by an operator

L ⊃ 1

Λ2
(H†X2)2 + h.c. , (63)

which is possible for values of Λ2 up to the GUT scale. A small Yukawa coupling yHX̄2X1H allows
X2 → X1H decays, which transfer the asymmetry to X1 once the temperature drops below MX2 , and
which should happen after the transfer operator freezes out. The inverse process, where an asymmetry
generated in the dark sector is transferred to the SM, is also possible with this mechanism.

In Ref. [538] it was shown that this mechanism can give the correct DM relic abundance for a
range of DM masses from 10 GeV to 10 TeV, which should at least partially be in range of a future
hadron collider. A more detailed study would be welcome.
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Note that while the Higgsogenesis mechanism is minimal in the sense that no complicated transfer
sector is possible, the problem of annihilating the symmetric component is not yet addressed. Indeed
Ref. [538] introduces an auxiliary mediator φ such that the DM can annihilate through the process
X1X̄1 → φφ, with φ later decaying to SM particles. In this case the constraints from light mediator
searches (see Section 3.4.1) become relevant, and additional studies for light scalar portals at 100 TeV are
needed.

Instead if one demands that the symmetric component of DM in ADM models annihilates directly
into SM particles, then one can use a similar approach as for WIMP particles, namely by either classi-
fying the annihilation channels using effective operators or, as done in the WIMP section above, using
the particles that mediate the annihilation. The main difference is that now the annihilation has to be
stronger than in the WIMP case, since the relic abundance should be dominated by the asymmetric con-
tribution, otherwise it would just be another WIMP scenario. For ADM annihilating to SM quarks, this
was studied in [539, 540] using effective operators to parameterise the interactions. An update of this
study using the simplified model approach discussed above, and including projections to 100 TeV hadron
colliders, would be useful.

Alternatively if the ADM candidate is part of a complex, possibly composite dark sector, then the
fast annihilation of the symmetric component into unstable dark sector states can be a natural conse-
quence of the model, and such an example is discussed in the next section.

3.6.2 Dark QCD, Hidden Valley DM
Models where the DM candidate is a stable composite state of a QCD like dark sector are well motivated,
simply by comparison with the case of the proton in QCD. Stability of DM would be guaranteed by global
DM number conservation, and the mass scale can be generated through dimensional transmutation from
a small coupling at a high scale.

Such models were originally considered in the context of parity symmetric "mirror world" sce-
narios [541–544], where the DM would be composed of mirror protons. However in those scenarios the
only interactions of the visible world with the dark sector are gravitational, such that they are not relevant
for collider phenomenology (and indeed are difficult to verify overall).

In [525, 528] so called Hidden Valley were introduced where a QCD like confining hidden sector
communicates with the SM through heavy mediators, and DM models based on this general construction
were introduced e.g. in [545–548]. The main idea is that the DM candidate is a composite baryonic bound
state made out of dark quarks of a "dark QCD" which, similar to the proton in the SM, is stable because
it carries a conserved DM number, and with a mass of order of the GeV scale set by the dark QCD
confinement scale ΛD. A heavy TeV scale mediatorX is responsible for sharing the asymmetry between
the SM and the dark sector. Fast annihilation of the symmetric DM component is now guaranteed by
the equivalent of proton anti-proton annihilations into pions in QCD, i.e. the DM annihilates to dark
pions. The heavy mediators itself can allow the dark pions to decay back to SM particles, therefore no
additional light mediators have to be introduced by hand.

Observability of such a dark sector is mainly determined by whether the mediator particle can be
produced at a collider. If this is the case, the phenomenology can be quite spectacular, since the strong
dynamics in the hidden sector can produce dark jets, events with many displaced vertices, final states
with many heavy flavours, and more [528, 549].

Let us first consider one characteristic signature dubbed "emerging jets" in [550], where the medi-
ator X is pair produced and decays to quarks and dark quarks. While each quark will undergo a regular
shower and hadronization process and give rise to jets, the dark quarks will shower in the dark sector
first and produce dark jets made out of mostly dark pions. These dark pions naturally have lifetimes of
order milimeters to meters, and therefore decay back to SM particles throughout the detector, collimated
within a "dark jet". The strategy proposed in [550] is to reconstruct regular multi-jet events and then
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search for emerging jets, i.e. jets with few or no tracks pointing back to the interaction point, in the
multi-jet sample. It was found that requiring two emerging jets in one event almost fully removes the
QCD backgrounds, which mostly come from long lived neutral mesons decaying in the detector. At the
14 TeV LHC this class of models can be probed for mediator masses up to1.5 TeV which, by applying
naive parton luminosity scaling15, implies a reach of up to 9 TeV at a 100 TeV machine with 3 ab−1.

A variation of the above scenario occurs when the dark pions in the shower have different life-
times, ranging from prompt decays to particles stable enough to escape the detector. In this case one
gets a jets plus missing energy signal, with the missing energy correlated with the jet directions. Refer-
ence [551] proposes a search for such events coming from the decay of a Z ′ mediator into hidden sector
particles, which utilises the transverse mass computed from the jets and missing energy to distinguish
from QCD backgrounds. At the LHC the projected reach is 3.5 TeV, which should scale up to 20 TeV at
a 100 TeV collider.

Finally if the hidden sector communicates with the SM mainly through the Higgs portal, then
exotic Higgs decays involving displaced vertices might be the leading tool to probe such dark sec-
tors [470, 526]. A 100 TeV machine is an ideal tool to search for exotic Higgs decays, simply due
to the large amount of Higgs bosons produced there (this is discussed in the accompanying Higgs at
100 TeV document).

The main point of this section is to introduce some examples of DM models which give rise to
signatures which are different from the well known missing energy searches and also different from
standard mediator searches. Detectability at a hadron collider in these cases is mainly due to particles
associated with the DM sector, but not the DM itself16, and this is also the reason why new search
strategies are possible and necessary.

A possible classification of signatures should be possible in two steps: First, one specifies how
the dark sector communicates with the SM. This is very similar to the WIMP case, so the classification
of SM and BSM mediators done above can be applied here as well. The second step is to classify the
dynamics in the dark sector itself. This includes distinguishing perturbative and non-perturbative dark
sectors, and a classification of additional symmetries which could for example give rise to a hierarchy of
lifetimes or further constrain the interactions of the mediator.

3.6.3 Radiating DM
Radiation in the Dark Sector At the spectacular partonic center of mass energies afforded by a 100 TeV
collider, radiative processes reach unprecedented levels. This is true not only for QCD and electroweak
interactions, but also for any new physics sector that contains light particles with appreciable couplings.
A particularly well-motivated example is self-interacting DM [552,553], which could potentially resolve
shortcomings of our present understanding of cosmic structure formation on dwarf galaxy scales (see
also [554, 555]). Moreover, DM self-interactions can also lead to Sommerfeld enhancement in DM
annihilation [556–558], and possibly even to the formation of DM bound states [559, 560].

Perhaps the leading candidate for the mediator of DM self-interactions is a dark photon A′—the
gauge boson of a corresponding to a new local U(1)′ symmetry in the dark sector. To be phenomenolog-
ically relevant, A′ is typically light (MeV–GeV), has relatively strong couplings to DM (α′ ∼ 0.01–0.1),
and tiny couplings to the SM sector through kinetic mixing with the photon. The dark sector Lagrangian
in such a scenario reads

Ldark ≡ χ̄(i/∂ −mχ + igA′ /A
′)χ− 1

4
F ′µνF

′µν +
1

2
m2
A′A

′
µA
′µ − ε

2
F ′µνF

µν . (64)

Here, χ is the fermionic DM particle with mass mχ, gA′ =
√

4πα′ is the U(1)′ gauge coupling, mA′ is
the dark photon mass, and ε is the kinetic mixing parameter, which is typically < 10−3. We remain ag-

15http://collider-reach.web.cern.ch
16This is also true e.g. for the disappearing track search which is crucial for the Wino scenario discussed above.
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Fig. 70: The process that gives radiating DM its name: production of two DM particles χ, followed by the emission
of several soft or collinear dark photons A′ [561].

nostic about the origin of the dark photon mass—it could originate from a dark sector Higgs mechanism
or from the Stückelberg mechanism.

When DM is produced with a large boost at a collider, there is a high probability that additional
collinear A′ bosons are radiated (see Fig. 70) [561]. This is particularly true if the DM itself and the
dark photon are rather light, for instance on the order of GeV, where direct detection bounds are weak.
The higher the center of mass energy of the process, the more A′ bosons are radiated, as illustrated in
Fig. 71. These A′ bosons eventually decay to observable SM particles through the kinetic mixing term
in Eq. (64), with the exact branching ratios depending sensitively on mA′ (see Fig. 2 in Ref. [561]).
Depending on the value of ε, the decays can be either prompt or displaced. Phenomenologically, the final
state of the process pp → χ̄χ + nA′ thus consists of two “jets” of collimated A′ decay products, plus
missing energy.

Phenomenology of Radiating Dark Matter Depending on the decay modes, these A′ jets can be clas-
sified into one of the following categories:

– Lepton Jets. If all A′ bosons radiated by a DM particle decay leptonically, a large num-
ber of collimated leptons is expected. Such lepton jets have been discussed previously for in-
stance in Refs. [470, 516, 518, 564–570]. Experimentally, lepton jets have been searched for in
Refs. [530,571]. SM backgrounds to these searches are extremely low, making them a particularly
sensitive probe of new physics. This is especially true for mA′ . 2mπ, where all A′ bosons decay
leptonically. At larger mA′ , the branching ratio for A′ → `+`− varies between 20% and 70%.

– Mixed Jets. If some of the A′ in the dark photon jet decay leptonically and others decay hadron-
ically, we expect a QCD-like jet with anomalously large lepton content. This signature can be
distinguished from ordinary QCD jets by looking for an anomalously large energy deposit in the
electromagnetic calorimeter and/or the muon system. Moreover, for displaced A′ decays, the oc-
currence of displaced vertices is a smoking gun signature.

– Hadronic Jets. If all collimated A′ bosons decay to hadrons, they closely resemble a QCD jet.
Nevertheless, if the kinetic mixing parameter ε is so small thatA′ decays are displaced, a separation
from SM backgrounds is possible.

Why go to 100 TeV It is clear from Fig. 71 that a search for radiating DM could greatly benefit from
the increased center of mass energy afforded by a 100 TeV collider: at higher

√
ŝ, the probability that

a DM particle radiates at least one A′ is much higher than at the LHC, and in many events, several
A′ bosons will be emitted per DM particle, making the signature even more spectacular. Of course,
the relation between the partonic center of mass energy

√
ŝ and the collider energy

√
s depends on the

details of the DM production process. If DM is produced through an s-channel mediator with mass at the
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Fig. 71: The distribution of the number of dark photons A′ radiated in each DM pair production process pp→ χ̄χ

for several values of the partonic center of mass energy
√
ŝ. We have used a dark fine structure constant of

α′ = 0.05, a DM mass of mχ = 4 GeV, and a dark photon mass mA′ = 1.5 GeV. The computation was carried
out in Pythia 8 [261, 562, 563], using the hidden valley model implemented therein. See Ref. [561] for an analytic
treatment of dark radiation.

electroweak scale,
√
ŝ is typically similar to the mediator mass if that mass is kinematically accessible.

Naturally, at a 100 TeV collider, much heavier mediators can be probed than at the LHC. For off-shell
production, e.g. through colored t-channel mediators such as squarks,

√
ŝ is determined by the valence

quark PDFs. Once again, a 100 TeV machine would have a significant edge over the LHC. In fact, dark
radiation cannot be probed in such t-channel scenarios at the LHC at all. At 100 TeV, such restrictions are
removed, allowing a 100 TeV collider to probe radiating DM in all of the most important electroweak-
scale production channels.

Some Thoughts on Search Strategies and Detector Design The sensitivity of a search for radiating DM
hinges crucially on the analysis cuts imposed. Questions to consider in designing a search for radiating
DM are

– Is there a signal in the tracking detector? Most prompt A′ decays will lead to such signals,
but for displaced decays of longer lived A′ bosons, it will usually be absent. Moreover, some
subdominant decay modes (A′ → K0K̄0 and A′ → π0γ) do not yield a tracker signal.

– Is there a signal in the calorimeters? Once again, the presence of such a signal depends on the
A′ decay mode: A′ → µ+µ− is not visible to the calorimeters, while all other decay modes are.

– What fraction of the decay energy is deposited in the electromagnetic calorimeter? (as op-
posed to the hadronic calorimeter). For short-lived A′, this fraction allows to distinguish different
decay modes. For displaced decays, however, even a decay like A′ → e+e− can deposit its energy
mostly in the hadronic calorimeter.

It is clear from these considerations that the sensitivity of a search for radiating DM depends
sensitively on the detector design. In particular, the values of the kinetic mixing parameter ε that can
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be probed efficiently in the search for displaced decays change with the radial size of the detector. This
statement can be quantified by considering that the A′ decay rate to leptons is given by

Γ(A′ → `+`−) =
1

3
αε2mA′ =

1

8× 10−6 cm

(
ε

10−3

)2(mA′

GeV

)
(65)

in the limit m` � mA′ (see Ref. [561] for a more detailed discussion of A′ decays). For this reason,
it may be useful, for instance, to have one rather compact detector and one fairly large one (like at the
LHC). Thinking even further, a dedicated search for radiating DM in the small ε region might benefit
from dedicated muon detectors placed far away & 10 m from the interaction point. Of course, with such
a system it would be difficult to achieve good angular coverage.

3.6.4 SuperWIMPs and Gravitino DM
Many extensions of the SM introduce additional particles which are only very weakly coupled to the
SM, and which are potential DM candidates. Prime examples are the axion as a solution of the strong
CP problem, and the gravitino which arises in supersymmetric models involving gravity. In some cases
the mechanism that sets the relic density of such particles is accessible at colliders, and we will discuss
one such example now, following [424] (see also [572–575]).

Consider a super-WIMP (SWIMP) with mass mSWIMP which is stable on cosmological time
scales, but which is not thermalized in the early universe, and furthermore a weakly interacting particle
L which freezes out with relic abundance ΩL. If L decays to the SWIMP with a lifetime short enough to
not upset nucleosynthesis, then the super-WIMP can be the DM candidate with abundance set by

ΩSWIMPh
2 =

mSWIMP

mL
ΩL . (66)

The difference from a WIMP scenario is that now L can be charged, and this is the case for example in
supersymmetric models where L can be a charged slepton, or a KK-lepton in extra-dimensional models.
Signatures of these scenarios now include heavy stable charged particles travelling through the collider
and displaced decays of L in the detector which can give rise to either displaced vertices or kinked
tracks. Since L is the natural end product of any new particle which is produced and which carries the
DM symmetry, these signatures will also appear in combination with jets and leptons. Another exciting
possibility is that L, if charged, can loose energy rapidly and therefore might get stuck in the detector or
in the surrounding material [573], where it can be trapped and analyzed before it decays.

The reach for these signatures should scale with the center of mass energy, since they are free
from SM backgrounds. Therefore a 100 TeV collider can certainly probe mL in the multi-TeV range,
maybe even reach 10s of TeV, provided that future detectors have at least the same capabilities as the
LHC experiments.

3.7 DM Summary
In this section, the reach of a 100 TeV collider for large classes of DM models was explored and com-
pared to the reach of the 14 TeV LHC, indirect and direct DM detection experiments and other collider
and laboratory experiments. As one would have expected, a 100 TeV machine vastly increases the mass
range up to which DM models can be probed, and in several cases the upper mass limit indicated by the
observed DM density is reached. In other words:

– There are well defined DM models whose parameter space can be fully probed at a 100 TeV
collider.

Maybe the simplest example is the Wino (SU(2) triplet) scenario studied in Sections 3.3.1, 3.3.2, 3.3.4.
Here one important aspect is that monojet searches alone can not cover the theoretically motivated DM

101

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

541



Final State Analysis Section

jet+MET Wino, Higgsino DM 3.3.1 - 3.3.4

jet+MET Higgs Portal 3.3.5

jet+MET Simplified Vector/Axial 3.4.1 - 3.4.3

jet+MET Simplified Scalar/Pseudo 3.4.1 - 3.4.3

jet+MET Gluion/stop coannihalation 3.5.1

VBF jets +MET Wino, Higgsino DM 3.3.1 - 3.3.2

VBF jets +MET Higgs Portal 3.3.5

photon+MET Wino 3.3.2

Disappearing tracks Wino,Higgsino 3.3.1 - 3.3.2

Disappearing tracks Fiveplet DM 3.3.3

Disappearing tracks Relic-Neutralino 3.3.4

lepton+γ+MET Relic-Neutralino 3.3.4

ZD → ll+(ZD → ll) Dark Photons 3.4.4, 3.6.3

displaced jets Dark QCD/Hidden Valley 3.6.2

long lived charged particle Super-WIMPS/Gravitino 3.6.4

dijet Simplified Vector/Axial 3.4.1 - 3.4.3

Table 5: Overview of the final states and the associated model, with a link to the respective section.

mass range, however the combination with either indirect detection or with disappearing track searches
is sufficient to fully probe the viable parameter space.

Monojet and related missing energy searches are essential to establishing the presence (or absence)
of DM at a collider, and in many scenarios they extend the reach beyond parameter space accessible in
direct detection, as can be nicely seen for example in Figs. 58, 59. However also here it is important to
notice that full coverage of the viable parameter space is often only possible by combining these searches
with other channels. A nice example is provided in Fig. 62, where the search for the mediator in the dijet
channel is necessary to probe the tuned region of parameter space where resonant annihilation allows for
very large DM and mediator masses.

Fortunately a hadron collider allows the study of many signal channels in parallel, and standard
multijet + MET searches can easily be combined with disappearing track or displaced object searches.
The importance of those more exotic signatures is not only highlighted by their ability to close of the
parameter space of some of the minimal models discussed in Sections 3.3.1-3.3.4, but also because
they give access to a broader range of DM models which might not easily show up in missing energy
signatures, like some of the examples discussed in Section 3.6.

A list of final states which are relevant for DM searches at a 100 TeV collider is given in Table 5.
Here information is provided which models are probed by which final states and, for models which are
testable in several final states, which ones are the most sensitive. It should be emphasised that this list
is not complete but instead based on the models and channels for which studies are available, and in
particular scenarios for which only one channel is sensitive would benefit from further studies.
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While the overall prospects for observing DM at a 100 TeV hadron collider are promising, one
should not forget that there are models which are notoriously difficult to probe. The worst offender is
one of the simplest models, namely the Higgs portal with a singlet scalar DM candidate, discussed in
Section 3.3.5. The good news here is that this model also has a clear prediction for the direct detection
rate, which is accessible in the next generation of experiments. Further studies of such a DM candi-
date might then require a linear collider, so this should be seen as additional motivation to study the
complementarity of high energy lepton colliders with a 100 TeV hadron collider.

103

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

543



4 Other BSM Signatures
This section is devoted to the assessment of the potentials of a future circular hadron collider at 100
TeV (to which we will sometimes refer simply as FCC) in terms of BSM signature that are not “typical”
of supersymmetric and dark matter models. Of course, most of the signatures discussed here can be
relevant for certain such models, however they do not constitute their key ingredient nor their smoking
gun signatures in a way clarified in the following discussion. In particular the goal of this section can be
summarized in two points:

– Study morivated and generic signatures that allow to test new physics. With motivated and generic
we mean signatures that are shared by large classes of new physics scenarios.

– Define collider and detector benchmarks that allow the highest possible sensitivity to these moti-
vated and generic signatures and that can help in a concrete assessment of the needed design of the
future facilities.

The results will be presented as a list of more or less detailed studies of concrete BSM models,
which predict a particular signature, shared by broad BSM scenarios. The cases presented in what follows
generally fall into three broad categories:

– Single production of new particles;
– Pair production of new particles;
– Precisione measurement aimed at constraining NP indirectly.

However, since single and pair production can constitute, in some cases, like for instance fermionic
top partners, inseparable signatures of motivated BSM scenarios, we prefer to separate the results into
three sections devoted to new bosonic resonances, which are signatures typically interesting for single
production and new fermionic resonances, which, depending on the scenario can be interesting both in
the single production (in association with other SM particles) and pair production. Finally we will devote
a last section to the non-resonant signatures, which are aimed at constraining new physics indirectly. We
can already get a preliminary idea, which will be refined in the following sections, of the reach of a 100
TeV collider on high invariant mass objects, by considering the single production of a general heavy
resonance R. For the production of a narrow resonance R, which can be described as a 2→ 1 processes,
the inclusive tree level production cross-section can be written as

σ(pp→ R+X) =
∑

i,j ∈ p

ΓR→ ij

MV

16π2(2JR + 1)

Npol

CR
CiCj

dLij
dŝ

∣∣∣∣∣
ŝ=M2

R

, (67)

where ΓR→ ij represent the partial widths of the corresponding decay process R → ij,
i, j = {g, q, q,WL,T , ZL,T , γ} are the colliding partons in the two protons, and dLij/dŝ|ŝ=M2

R
is the

corresponding parton luminosity evaluated at the resonance mass. The factor JR is the spin of the reso-
nance, CR the dimension of its color representation, Ci,j are the dimensions of the color representations
of the two partons and Npol is the number of polarization states of the incoming partons contributing to
the production. This last quantity is equal or smaller than the sum over polatization (2si + 1)(2sj + 1),
where si, sj are the spins of the incoming partons. For instance, in the case of a scalar produced by gluon
fusion, like the Higgs boson, Npol = 2, since only the (+−) and (−+) polarization configurations of
the initial gluons contribute to the production of a J = 0 state. If needed, the cross-section in Eq. (67)
can be corrected by a k-factor to take into account higher order radiative corrections. In Fig. 72 the
parton luminosities dLij/dŝ as function of ŝ are shown for quark and gluon partonic initial states, and
in particular for gg, gq, qq̄ and qq configurations. There are two kind of corrections to the expression
of the production cross section in Eq. (67), which come from width effects, suppressed by Γ/M and
from the effect of parton luminosities varying too fast, within a region corresponding to the resonance
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Fig. 72: Parton luminosities dL/dŝ as functions of the partonic center of mass energy
√
ŝ for a 100 TeV proton-

proton collider, computed using the NNPDF30_LO_as_0118 PDF set [443]. Upper left: gg, qg and q̄g initial
states; Upper right: qq̄ initial states; Lower: qq initial states.

width, to be considered constant. In this latter case, approximating the integral over the parton lumi-
nosities with their value at the resonance mass fails, generating a large off-shell tail at low masses. This
threshold effect usually corresponds to the region where the parton luminosities start to decrease faster
than exponentially, which roughly corresponds, in Fig. 72, to the point where the curves change their
convexity.

A simple application of the formula in Eq. (67) for the production of new resonances is given by
the production of exotic colore resonances. In Fig. 73 we show the production cross sections17 for some
different colored resonances corresponding to charged and neutral color-octet vectors, charged color-
sextet vectors with fractional charge and excited quarks with spin 3/2. From the figure it is clear that
production cross sections of the order of fb or hundreds of ab are expected for colored states in the mass
range 25-50 TeV. Considering the large integrated luminosity planned for a 100 TeV collider, of several
inverse ab, some of these states should be accessible up to masses even above 50 TeV, depending on
their production mechanism. As it is clear from Fig. 72, the color-octet vectors, being produced by qq̄
have the lowest production cross section, followed by the excited quark, produced by qg and the diquark
sextets, produced by qq. In general, all these colored resonances are expected to decay back to di-jets.
Assuming an integrated luminosity of several inverse ab a 100 TeV collider should be able to extend the
reach on colored resonances of the LHC from a few TeV, to the 30-60 TeV region.

Another interesting possibility is the production of new gauge bosons, such as Z ′ and W ′ vectors.
These are typically produced by Drell-Yan qq̄ annihilation and decay to two leptons or lepton-neutrino
depending on the charge, leading to final states that are effectively zero background in the multi-TeV

17The widths relevant to compute these production cross sections using Eq. (67) are set to the value corresponding to inter-
actions fixed by a (model-dependent) dimensionless coupling that we have set to one for illustration [576].
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Fig. 73: Production cross sections for exotic colored resonances at 14 TeV and 100 TeV. Left: charged and neutral
color-octet vector states; Center: fractionally charged color-sextet vector states (di-quark-like); Right: spin-3/2
excited quark states.

region. The typical cross sections of different Z ′ and W ′ models [577] are shown in Fig. 74. Again
the reach of the LHC, which is around 5 TeV for such states, can be significantly extended at a 100 TeV
collider, up to 25-35 TeV. The case of new vector bosons arising as composite resonances is also very
interesting. In Fig. 75 we show the cross section of a ρ-like state arising in minimal composite Higgs
models [578] for typical values of the parameters. In this case decays to two electroweak gauge bosons
are typically enhanced compared to di-lepton and lepton-neutrino final states, corresponding to a reach
that extends up to about 20 TeV. Scenarios presenting new Z ′ and W ′ bosons are studied in more detail
in Sections 4.1.1, 4.1.2, 4.1.4, respectively in the di-lepton and lepton neutrino, di-jet and tt̄ final states.
Resonances arising from a strong sector responsible for electroweak symmetry breaking (EWSB) are
discussed in Section 4.1.5, where the reach from direct searches in DY production is compared with the
indirect reach of leptonic colliders and in Section 4.1.7, where the VBF production is studied in the tb
final state.

Up to now we have given some examples of the reach of a 100 TeV collider on single resonance
production. Of course also pair productions are extremely favored by the large available center of mass
energy. Some of the very well know candidates for pair production searches are the so-called top part-
ners, which can be either scalar, fermions or even vectors [579], depending on the model, whose role is
compensating the large sensitivity of the Higgs mass parameter to the top loop contribution responsible
for the hierarchy problem of the electroweak scale. On top of these particles, other states with different
quantum numbers can be related to naturalness, like for instance color octet fermions, as the gluino in
SUSY. All these states related to naturalness will be discussed extensively in this BSM part of the report,
both in the SUSY section, focusing, for what concerns colored particles, on stops, sbottoms and gluinos,
and in this section, focusing on fermionic partners of the top, usually referred to as just top partners. In
order to give a preliminary idea of the reach of a 100 TeV collider on these particles, we show in Fig. 76
the typical production cross sections for both color-triplets [580] and color-octets [581] scalars, fermions
and vectors. In the case of color-triplet particles, the spin-0, 1/2, and 1, refer to stop-like, T ′-like and
color-triplet vector top partners respectively. In the case of color-octet they correspond to states that are
techni-meson-like, gluino-like (both Majorana or Dirac) and KK-gluon-like. Differently to what hap-
pens for the single production of resonances, which essentially depend on a free coupling of the new
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Fig. 75: Production cross section of a ρ-like vector resonance arising in minimal composite Higgs models [578] at
100 TeV. Typical values of the relevant parameters have been chosen.

theory, the pair productions are completely fixed by QCD interactions and, once the quantum numbers
under the color gauge group are fixed, their production rate can be determined model independently. Of
course, the bigger the color charge and the spin, the bigger the pair production cross section. Provided
that the decay channels can be efficiently discriminated from background, the large rates are expected to
lead to mass reach that extend from about 5 TeV for color-triplet scalars, to about 15 TeV for color-octet
vectors. Concerning colored resonances, fermionic top-partners are discussed in more details in Section
4.2.2, where both single and pair production are considered and in Section 4.2.3, where the top-partners
arising in Twin Higgs models are studied in signatures involving displaced decays with a prompt tt̄ pair.

In order to compare the reach on colored resonances produced in pairs, with un-colored ones, we
consider the pair production of new heavy leptons. These particles may be motivated in BSM scenarios
related to the mechanism of neutrino mass generation. In Fig. 77 we show the heavy leptons pair produc-
tion cross section. We consider both a triplet [582] and a singlet of SU(2)L, denoted by T and N . In the
case of the triplet, analogously to what happens for the colored particles, the pair production cross section

107

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

547



2 4 6 8 10 12 14 16

M [TeV]

0.01

0.1

1

10

100

1000

10000

1e+05

1e+06

1e+07

σ
 [

fb
]

Vector triplet

Fermion triplet

Scalar triplet

14 TeV

100 TeV

2 4 6 8 10 12 14 16

M [TeV]

0.01

0.1

1

10

100

1000

10000

1e+05

1e+06

1e+07

σ
 [

fb
]

Vector octet

Dirac fermion octet

Majorana fermion octet

Scalar octet

14 TeV

100 TeV

Fig. 76: Pair production cross sections of new colored states. Left: color-triplets; Right: color-octets. The different
dashing represent spin-1 (solid), 1/2 (dashed), and 0 (dot-dashed).

is entirely fixed by electroweak interactions [583,584]. The states in the triplet are expected to be almost
degenerate in mass and typically decay into the T± → W±ν, Z`±, h`± and T 0 → W±`∓, Zν, hν final
states, as discussed in Section 4.2.1. From the Figure, we see that depending on the decay channel the
reach on these particles, which at the LHC is limited to around the TeV, can be extended at a 100 TeV
collider in the range of 5−8 TeV. Concerning the SM singletN , we consider its production in association
with a SM lepton, which depends on the details of the mixing matrix between N and the SM neutrinos.
In the Figure we show the N`± production cross section normalized to a mixing matrix equal to the
identity, which would correspond to the production cross section of a doublet of SU(2). Some of these
signatures involving heavy leptons are discussed in detail in Section 4.2.1.
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Fig. 77: Pair production of new heavy leptons at 14 and 100 TeV, for an SU(2) triplet (T±,0) and for a singlet state
N`± via mixing. See Section 4.2.1 for details.

4.1 New Bosonic Resonances
4.1.1 New Gauge Bosons in Dilepton Final States
If a new gauge boson is discovered the next step will be to identify its origins within some underlying
UV theory. A necessary step along this road is the determination of the new gauge boson couplings to
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Model 1 ab−1 10 ab−1 100 ab−1

SSM 23.8 33.3 41.3

LRM 22.6 31.5 39.5

ψ 20.1 29.1 37.2

χ 22.7 30.6 38.2

η 20.3 29.8 38.0

I 22.4 29.2 36.2

Table 6: Discovery reach in the leptonic decay mode for various Z ′ models [577] in TeV at
√
s =100 TeV for

different integrated luminosities. Exclusion reach are roughly ' 3.5 TeV larger in all cases.

the various fields of the Standard Model. Here we discuss a set of measurements that have been proposed
to access this information and their potential use at a 100 TeV hadron collider.

“Identification” is the first step after a new discovery, i.e., the determination of what it is that has
been found. We have been experiencing an example of this procedure in action in the ongoing program
to probe the detailed nature of the 125 GeV Higgs boson. In going from the LHC to a 100 TeV collider,
the window for the discovery of new gauge bosons is enormously increased as is summarized for the
usual canonical scenarios in both Table 6 and Fig. 78. While discovery in the clean Drell-Yan leptonic
channels will only require order 10’s of events, the determination of the various couplings necessitates
event statistics which are order 10 − 100 times larger. This implies that only new gauge bosons with
masses about 10 TeV or more below their corresponding discovery reach will be amenable to coupling
extractions for a given value of the integrated luminosity.

Frequently, to simplify the situation as much as possible in the case of a new Z ′, it is assumed
that the couplings are generation independent, that Z − Z ′ mixing can be neglected (which is a very
good assumption for large masses) and that the gauge charge to which the Z ′ couples commutes with the
corresponding SM generators. Under these assumptions the couplings of the Z ′ to the SM fermions are
given in terms of only 5 independent parameters corresponding to the SM fermion representations: QL,
LL, uR, dR and eR. Surrendering any of these simplifying assumptions enlarges the set of independent
parameters that need to be determined. On the other hand, in the case of a W ′, the most important
quantity to determine is the helicity of its couplings to the SM fermions, which separates potential models
into two broad categories.

In order to extract the values of the Z ′ couplings in as model-independent of a way as possible we
cannot assume that the new gauge bosons will only decay into the known SM particles. This implies that
measurements which depend on the new gauge bosons width, such as the production cross section times
leptonic branching fraction, σB`, cannot be used for this purpose. Several of these decay-independent
observables (which mostly employ high pT lepton triggers) have been proposed and were discussed in
detail in Ref. [585], which we will summarize below. First we consider those observables that employ
the dilepton discovery mode to extract coupling information.

– The most obvious way to by-pass the shortfall of σB` as a useful observable is to rescale it by
the Z ′ width, e.g.,, σB`ΓZ′ so that it only depends on the couplings above in the narrow width
approximation (NWA). The typical values of ΓZ′/MZ′ in the models in Table 6 are of the order of
1% or so. One finds that this observable, σB`ΓZ′ , varies by a factor of about 20 for just these six
familiar sample models thus showing its strong coupling sensitivity. Since this quantity makes use
of the discovery channel, only a few hundred events are necessary to obtain a reasonably reliable
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Fig. 78: Left: Cross section times leptonic branching fraction, σ(pp→ Z ′)×BR(Z ′ → l+l−), as functions of the
mass for the Z ′ models indicated in the legend at

√
s =100 TeV. The legend is ordered following the order of the

curves at MZ′ = 20 TeV; Right: same quantity for the SSM/LRM W ′ (with gR = gL and Dirac neutrinos).

determination with small (statistical) errors.18 The main difficulty with employing this observable
occurs when the Z ′ width is substantially smaller than the dilepton mass resolution so that the
value of ΓZ′ cannot be trivially determined.

– A familiar observable is the leptonic forward-backward asymmetry, AFB , which can be obtained
from the lepton’s angular distribution. In the Z ′ rest frame, with z = cos θ∗ being defined between
the initial quark, q, and outgoing l− direction, this distribution is given by ∼ 1 + z2 + 8AFBz/3.
Note that a non-zero value of AFB requires vector and axial-vector couplings of the Z ′ to both the
quarks and leptons. A problem arises in that the q direction cannot always be identified with the
boost direction of the Z ′, which itself is not always cleanly defined (without applying a suitable
cut). Similarly, the rapidity coverage for the leptons can be critical especially if it more restricted
than the typical ATLAS/CMS value of |η`| < 2.5 as larger scattering angles, which show the
greatest sensitivity, will have a reduced contribution. All this results in a dilution of AFB which
can be partially compensated for using Monte Carlo. Again, only a few hundred events are needed
to obtain a reasonable estimate ofAFB but this increase in required statistics for a fixed luminosity
implies a significant reduction in the reach for coupling information extraction. Since both uū and
dd̄ initial states will, in general, contribute to Z ′ production the knowledge of the PDFs (and their
evolution) will be important in the use of AFB to extract Z ′ coupling information. Going beyond
NWA it is possible that information on AFB can be obtained in the interference region below the
Z ′ peak but this will also require a significant increase in integrated luminosity.

– The last observable that makes direct use of the ` = e, µ discovery channel is the central rapidity
ratio (ry), i.e., the fraction of events with lepton rapidities below some cut value compared to those
above that same value. ry is sensitive to the uū/dd̄ admixture in the Z ′ couplings and so is also
quite sensitive to the Z ′ mass due to the running of the PDFs. However, in comparison to the
previously discussed observables, ry provides somewhat weaker information on the Z ′ couplings.

– The Z ′ → τ+τ− mode is also potentially powerful, particularly in the case of generation-
independent couplings, as the τ polarization, Pτ , (as can be determined in single-prong decays)
can be used to extract the coupling ratio v`/a`. Even in the 1-parameter E6 models, Pτ can take
on values over its entire allowed range −1 ≤ Pτ ≤ 1. However, this mode suffers from the obvi-
ous τ identification issues in this highly boosted regime and its possible effectiveness for coupling
extraction at 100 TeV will require further study.

1830 times the events needed for discovery corresponds to roughly a reduction of at least 10 TeV in mass from the discovery
reach for the same integrated luminosity.
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To get a rough idea of the separation of the various models en route to coupling extraction provided
by these observables, consider the top two panels in Fig. 79 which assumes L = 5 ab−1 and MZ′ = 15
TeV. We see that these six models are all distinguishable from each other except for the two E6 models,
ψ and η, using just these variables alone.
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Fig. 79: Comparisons of the values of the observables AFB , ry and rlνW for L = 10 ab−1 and MZ′ = 15 TeV
for the six models shown in Table 6 and Fig. 78 above with the same color coding (from left to right: blue, cyan,
black, magenta, green and red, see Fig. 78 for the corresponding models).

Once we go beyond the dilepton channel, numerous possibilities to obtain coupling information
are available each with their own strengths and weaknesses.

– Still restricting ourselves to 2-body decays to SM fermions, Z ′ → tt̄ (using boosted top tech-
niques) may be useful if the top polarization can be measured as it is sensitive to the ratio of the
LH- and RH-couplings at the Z ′tt̄ vertex. The use of this variable at 100 TeV requires further
study. See Section 4.1.4 for a study of resonances decaying into the tt̄ final state.

– 3-body decays of the Z ′ can be useful, e.g., in the absence of Z−Z ′ mixing the decay Z ′ → `νW
occurs by W emission off of a lepton leg. The W , being coupled to the leptons in a LH manner,
projects out the LH Z ′ coupling to leptons as well. Although this decay rate suffers from both
3-body phase space and coupling factors in comparison to Z ′ → `+`−, it is also log2(MZ′/MW )
enhanced due to the infrared and collinear singularities in the relevant diagrams. This enhancement
can be quite important for mass ratios of order 200 that we are considering here. For example, for
a Z ′ mass of 15 TeV in the LRM the cross section for the l±νW∓ final state is about 50 ab. One
difficulty at these energies is the rather large boost of the final state W,Z and its small opening
angle with respect to the lepton from which it was emitted, i.e., isolation issues. Further, if the
W,Z are found through their dijet decay modes (for statistical reasons) this will not easily allow
for W,Z separation and will likely appear as a fat single jet. However, this final state deserves
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Fig. 80: Comparison of the W ′ leptonic transverse mass distribution for LH(red,solid) or RH(blue,dashed) cou-
plings assuming a mass of 15 TeV and an integrated luminosity of 10 ab−1. The Drell-Yan SM background appears
is in green(dotted).

further study since the ratio r`νW = Γ(Z ′ → `νW )/Γ(Z ′ → `+`−) can provide reasonable
coupling information as shown in Fig. 79.

– The Z ′ can be produced in association with another SM state, e.g., Z ′W±, by “initial state radia-
tion”. This additional gauge boson can be used as a probe to again “project out” certain combina-
tions of the leptonic Z ′ couplings. These channels suffer from some of the same issues as in the
case of r`νW asW± and Z final states will be essentially impossible to distinguish in their dijet de-
cay modes while employing their leptonic decays will require increased luminosity to compensate
for the smaller branching fractions. More study is needed.

Now let us very briefly mention the case of a new W ′. If the W ′ couples LH and/or neutrinos
are Dirac states then the W ′ → `ν mode is the standard discovery channel (the case of W ′ decays
involving RH neutrinos will be discussed in Section 4.1.9). For integrated luminosities of 1(10,100)
ab−1 the discovery reach is found to be 31.6(39.1, 46.7) TeV. As mentioned above, the main issue here
is whether the W ′ couples in a LH or RH manner. Employing only this mode in the NWA, however, a
purely LH or RH W ′ are indistinguishable. One possibility to get around this, similar to that discussed
above, is to make use of the W ′ → tb̄ mode and then determine the polarization of the top. Another is
to go off-resonance in the transverse mass (MT ) region below the W ′ Jacobian peak and examine the
W −W ′ interference; this interference is absent(destructive) if the W ′ is RH(LH). This is particularly
noticeable when MT ' 0.4MW ′ , as can be seen in Fig. 80, even for low integrated luminosities. Using
this technique the W ′ coupling helicity can be determined for masses up to roughly 10 TeV below the
discovery reach. Of course if the neutrinos are Majorana fields and the W ′ couples in a RH manner as
in the LRM then W ′ → `N is the discovery channel where the heavy N itself decays to dijets and a
charged lepton. This signature will be studies in details in Section 4.1.9.

4.1.2 Di-jet Resonances and Calorimeter Requirements
In this preliminary stage of the design of a future 100 TeV collider, we seek to estimate the necessary
specifications of detection devices that will be able to accommodate the planned high energies and pro-
vide suitably precise measurements of any new phenomena that occur. In this subsection we discuss the
kinematic properties of resonant processes involving jets, with particular attention to the performance
of hadronic jets and to the calorimeter containment of very energetic particles. The benchmark model
chosen for this study is a resonant new particle coupling to quarks and gluons, that would manifest as a
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Fig. 81: Excited quark production cross-sections as a function of mass.

local excess over the QCD background.

The sensitivity of a new physics search for a resonant process is linked to an accurate measurement
of the jet energy, and therefore to the calorimeter resolution. Broader local excesses are more difficult
to distinguish over the QCD background. In this contribution we use simulations of new physics events
(specifically, decays of excited quarks) and modify the calorimeter energy resolution in the detector
simulation, in order to observe the effect of the smearing on the width of the signal excess in the dijet
invariant mass. Firstly we give an overview of the simulation and software used for this study, including
an overview of the benchmark model chosen. Then we include further detail on the calorimeter smearing
and the event selection. The last part of this contribution contains the results of this study and conclusions
towards future studies.

The benchmark model used in this study is quark compositeness [586, 587]: excited up and down
quarks, and relative antiparticles, are simulated from proton-proton collisions at 100 TeV. Only gauge
interactions are included in the benchmark model. The excited quark masses are assumed to be 10 and
40 TeV. Cross sections for this model at 100 TeV as a function of the q∗ mass are shown in Fig. 81
for different parton distribution functions [84, 588–590]. The Pythia event generator [406] using the
MRST2008LO [84] and the default tune for parton shower, interfaced to the Sacrifice steering software
[591], are used for the event generation. Following the event generation, Delphes 3.1.2 [113] is used to
apply detector effects using the standard FCC detector card to the signal and perform jet finding, using
the anti-kt algorithm [263] with radius 0.5. The events were analysed in MadAnalysis [592] and ROOT
5.34.18 [593].

The energy resolution for a calorimeter in this study is parameterized as:

[σ]

E
=

50

E
⊕ c% , (68)

where c is the constant term that is varied in this study to model possible effects e.g. from calorimeter
punch-through, using the Delphes SimpleCalorimeter module. Events were selected according to the
following criteria [594]:

– Leading and subleading jets must have pT > 50 GeV and rapidity |y| < 2.8;
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Fig. 82: Dijet invariant mass peak for a q∗ after event selection, fitted using a Gaussian shape, after smearing with
different values of the constant term of the jet energy resolution. Left: 10 TeV q∗; Right: 40 TeV q∗.

– Half the rapidity separation (y∗) of leading and subleading jets must be below 0.6.

Analysis of data from simulated 10 TeV q∗ decays smeared with Delphes indicates that an increase in
the constant term of the jet energy resolution broadens the width of the dijet invariant mass signal. To
quantify the broadening, the core of the dijet mass distribution after smearing and event selection is fitted
using a Gaussian as shown in Figs. 82. The width of the Gaussian is then divided by the dijet mass to
obtain a relative resolution, and plotted as a function of the constant term broadening in Fig. 83. The
relative mass resolution ranges from 2.5% without any smearing to approximately 7% in the case of a
15% constant term, for a q∗ with a mass of 40 TeV .

Fig. 83: Relative mass resolution as a function of jet energy resolution constant term for a 40 TeV q∗.

Figure 82 show that a Gaussian shape does not provide a good description of the signal peak. The
broadening of the dijet mass peak is driven by both PDF effects, dominant in the higher mass samples,
and by the choice of the jet algorithm. Although initially informative, this study should be extended
to a more systematic analysis of different effects that broaden the dijet invariant mass peak in order
to improve the peak parameterisation, and to the study of the impact of this broadening on the search
sensitivity.
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4.1.3 Resonances in the jj Final State
Estimates for the sensitivity of a 100 TeV pp collider to color singlet Z ′B and color octet G′ vector boson
dijet resonances have been performed in Ref. [466], while studies of other resonant and non-resonant
scenarios are performed in Refs. [595–597]. The color singlet Z ′B particle is a dijet resonance predicted
in models with gauged baryon number [598], whose phenomenology is encapsulated by a flavor-universal
coupling to quarks gB/6 and the Z ′B mass. The coloron G′ arises in extended SU(3)C color models as a
heavy cousin of the SM gluon, and also couples universally to quarks with a coupling gs tan θ. The two
models also exhibit different dijet resonance peak structures as a result of different final state radiation,
and serve to complement the discussion in the previous section regarding broadening effects and peak
sensivity via explicit simulation of color-singlet and color-octet resonance models.

We simulate QCD continuum background and Z ′B and G′ signals using MadGraph 5 [111] and
passed to PYTHIA [112] for parton showering and hadronization: we use MLM [599] matching between
QCD two-jet and three-jet final states. Events are clustered using FASTJET v.3.0.2 [264] by the anti-kT
algorithm [115] with distance parameter R = 0.5 and basic detector simulation effects are used to smear
the jet energies and momentum reconstruction. We do not include any interference between signal and
background for the resonance searches, and so the background sample is identical for each of the BSM
searches. The dijet invariant mass is constructed following the CMS 8 TeV analysis [600], where the two
leading pT jets are used as seed jets. Then, subleading jets within ∆R = 1.1 are added to the closest
seed jet to form two wide jets.

We analyze the dijet search sensitivity at the 100 TeV pp collider. Using our samples for QCD
background and signal, we conduct a resonance search using a Crystal Ball fit on the signal distri-
bution to identify the peak structure of the resonance [598]. To estimate the statistical significance
σ = NS/

√
NS +NB of this signal peak, we compare the number of signal events within 3 standard

deviations of the Gaussian core of the Crystal Ball fit to the number of QCD events in the same mass
window: we do not include systematic uncertainties, though these are certainly important when the res-
onance becomes very weakly coupled.

The results for the Z ′B and coloron resonances are shown in Fig. 84 for 5σ discovery sensitivity
using 3 ab−1 and 10 ab−1 integrated luminosity. We have reproduced the current exclusion limits from
Ref. [598] in the gray region. For the right panel, the coloron has a total width larger than 15% of
its mass above the curve marked “Wide resonance,” while for couplings below the line labeled “Non-
minimal models,” the ultraviolet completion of the extended color sector requires additional particles,
such as vectorlike quarks or a second coloron, to retain perturbative gauge couplings.

We see that a Z ′B boson can be discovered as heavy as 32 TeV, depending on its coupling to quarks
gB , while the 100 TeV pp collider also have discovery sensitivity to couplings as small as gB ∼ 0.2 for
lighter Z ′B resonances. Colorons can be discovered as heavy as 42 TeV, and couplings as small as
tan θ ∼ 0.02 can also be seen. The sensitivity prospects of the 100 TeV pp machine for low O(TeV)
resonance masses, however, strongly depend on the dijet trigger threshold, which in turn depends on
improvements in trigger bandwidth and limits from detector hardware.

4.1.4 Resonances in tt̄ Final State
The sensitivity of a 100 TeV pp collider to heavy particles decaying to top-antitop (tt̄) final states has
been studied in Ref. [601]. The existence of such particles was discussed in the framework of a generic
Randall-Sundrum model [602]. This model predicts a number of heavy particles, such as an extra Z ′

gauge boson (see Ref. [577] for a review) or Kaluza-Klein (KK) excitation of the gluon gKK [603]. The
studies used a complete suite of leading-order and next-to-leading order Monte Carlo samples from the
HepSim repository [604] to understand the backgrounds expected for top decays for transverse energies
above 3 TeV. No detector simulation was used. The KK signal was generated at leading-order (NLO
predictions at 100 TeV are presented in [605]).
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Fig. 84: Projected 5σ discovery sensitivity for (left) Z ′B and (right) coloron dijet resonances, where the current
exclusion bounds are shaded gray.

The studies used dijet invariant mass distributions to extract tt̄ resonance signals above 8 TeV. The
dijet masses were reconstructed using the anti-kT algorithm [115] with a distance parameter of 0.5. The
studies of the sensitivity were performed in a fully boosted regime, i.e. by looking at the invariant mass
of two jets arising from the tt̄ system. This approach is challenging due to large collimation of decay
products from top quarks, and large background expected from the SM jets. It should also be noted
that even leptonic top-quark decays is a challenge at such transverse momentum, since leptons from W
decays are often within the vicinity of boosted b-quark jets.

The analysis used several popular discriminating variables that reduce SM backgrounds, such as
N -subjettiness characteristics [265,606], the jet kT splitting scales [607], jet eccentricity [608], the effec-
tive radius of jets and jet masses. In addition, b-tagging was used assuming a 70% b-tagging efficiency.

Figure 85 shows the dijet masses after double b-tagging and jet shape cuts optimized to increase
the signal-over-background ratios. This figure was used to estimate sensitivity, which is equivalent to
“2σ evidence” value of σ × BR for the signal calculated using the CLb method as implemented in the
MCLIMIT program [609]. Figure 86 shows the sensitivity limits for Z′ and gKK particles simulated
using the PYTHIA8 model [112]. It should be noted that PYTHIA8 generates the boosted tt̄ topology
similarly, but the decay widths and the production rates of Z ′ and gKK are different. The width of the
Z ′ boson was set to Γ/M = 3%, while the width of gKK is substantially larger, Γ/M = 16%. The gKK
production rate is more than a factor of ten larger than that of Z ′ boson.

The discriminating variables based on jet substructure and b-tagging can increase the signal-over
background ratio by several orders of magnitude, as shown in Table 7. This increases the sensitivity on
the σ × BR of Z ′ and gKK bosons by more than a factor of ten. A requirement for a high-momentum
muon inside boosted jets can improve the signal-over-background ratio as shown in Table 7, but it sig-
nificantly reduces statistics, thus it does not lead to a competitive limit compared to the selection based
on a combination of b-tagging and jet substructure variables. Figure 87 illustrates the rejection factor for
QCD background events as a function of the efficiency of top-quark reconstruction [601]. Identifying
top quarks with a cut on a high-momentum muon near or inside a jet is less performant compared to jet
substructure techniques once branching ratios are taken into account. Even simple jet substructure tech-
niques, such as a cut on τ32 (the ratio of the N -subjettiness variables τ3/τ2 [265, 606]) and the splitting
scale

√
d12 [607], can overperform the leptonic channel in terms of the background rejection and signal

efficiency.

It should be pointed out that the 95% CL sensitivity estimates for a 100 TeV collider with the
integrated luminosity of 10 ab−1 are rather general, as long as the widths of the tt̄ resonances are similar
to those discussed in this analysis. Table 8 shows the values of σ × BR for theory and experimental
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Fig. 86: 95% CL sensitivity estimates for a 100 TeV collider with an integrated luminosity of 10 ab−1 for Z ′

and gKK bosons decaying to tt̄ using the “fully-boosted” regime without resolving separate decay products of
top quarks. Details of the selection cuts are given in Ref. [601]. The sensitivities are given after applying jet
substructure selections [601] and double b-tagging.

sensitivity as a function of resonance masses used in Fig. 86 for different values of integrated luminosity.
It can be seen that a 100 TeV collider with an integrated luminosity of 10 ab−1 can be sensitive to a gKK
resonance with a mass of 17 TeV, assuming the LO QCD cross section for the gKK production. The
study also shows that the assumed integrated luminosity is sufficient to be sensitive to Z ′ → tt̄ decays
with mass of 13 TeV.

It is useful to estimate how the sensitivity would improve with integrated luminosity. The results
discussed above were extrapolated to higher values of luminosity using a similar technique. For an
integrated luminosity of 30 ab−1, the Z ′ mass reach would increase to 16 TeV, while the mass reach for
gKK would increase to 19.5 TeV. More details on this analysis can be found in Ref. [601].
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No cuts JS2 b-tag b-tag+JS1 b-tag+JS2 b-tag+JS1+µ

0.0007 0.007 0.16 0.19 0.21 0.36

Table 7: The signal-over-background (S/B) ratio for a Z ′ with mass 10 TeV for different combinations of the
selection cuts [601]. The abbreviation "JS2" indicates the jet substructure cuts applied for both jets, while "JS1"
indicates the jet substructure cuts for a single jet. The last column shows a combination of b-tagging, jet sub-
structure selection and a reconstruction of a high-momentum muon that carries more than 35% of jet transverse
momentum. Although the S/B ratio is the largest for the last column, the statistics expected for 10 ab−1 is not
sufficient to obtain a competitive 95% CL sensitivity compared to other selections.
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Fig. 87: Rejection factor for QCD jets versus efficiency of reconstruction of top quarks for different variables
used to select top jets.

4.1.5 Composite Resonances: Direct vs Indirect Probes
In this subsection, we study the expected direct reach of a 100 TeV collider on heavy vector triplets [610]
and compare it to the expected indirect reach of various proposed future lepton colliders in a minimal
composite Higgs model [611].

The comparison of the discovery and exclusion prospects of a 100 TeV collider and various pro-
posed lepton colliders is crucial to gain a deeper understanding of the expected impact of these experi-
ments. It is most conveniently done within a small parameter space of an explicit model. Here we choose
a minimal composite Higgs model [612–614]. This is not only a theoretically well-motivated scenario
but also predicts direct and indirect signs of new physics which can be studied at the different collid-
ers. All new physics effects are comprehensively discussed in Ref. [611] and we refer the reader to this
reference for further details. Here we report a brief summary of this study.

The strongest indirect constraints on composite Higgs models come from electroweak precision
tests. However, their impact depends heavily on the details of the model. In order to remain as much as
possible agnostic on these details and therefore more model independent, we do not focus, when con-
sidering indirect effects, on electroweak precision tests, measured both at LEP (with some improvement
from Tevatron and LHC) and possibly improved at future leptonic machines. Instead we concentrate on
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mass σ × BR (fb)

(TeV) Z ′ (th.) Z ′ (exp.) gKK (th.) gKK (exp.)

8 18.46 7.00 262.3 20.2

10 7.03 3.97

12 3.02 2.54 45.4 7.7

14 1.44 1.75

16 0.73 1.27 12.2 4.7

18 0.39 1.10

20 0.21 0.98 4.2 4.1

Table 8: Values of σ × BR for theory and experimental sensitivity as a function of resonance mass shown in
Fig. 86.

indirect effects originating from the modification of the Higgs couplings because they are largely model-
independent. In fact, for all models based on the minimal coset SO(5)/SO(4), the Higgs coupling to
electroweak gauge bosons is universally predicted to deviate from the SM expectation by kV =

√
1− ξ,

where ξ = v2/f2, f is the decay constant of the pseudo-Nambu-Goldstone boson Higgs and v is the scale
of EWSB. We will thus take the sensitivity of future lepton colliders to kV as a good model-independent
measure of their reach on composite Higgs models.

Direct signatures stem from top partners and electroweak vector resonances. Top partners are
generally more model-dependent: their mass controls the generation of the Higgs potential and thus the
level of fine tuning required to achieve EWSB and a light Higgs boson [615]. The prospect for top partner
searches at a 100 TeV collider are discussed in Section 4.2.2. In the analysis we perform here, aiming at
being as much as possible model independent, we focus on vector resonances which are associated with
the current operators of the SM gauge group. In particular, we study a colorless triplet under SU(2)L
with zero hypercharge. The simplified model for the heavy vector triplet, studied in detail in model B of
Ref. [610], depends on only two parameters: the mass mρ of the vector triplet and the new coupling gρ
which describes the self interactions of the heavy vector and parameterizes the couplings to SM particles.
The two parameters are related to ξ by

ξ =
g2
ρv

2

m2
ρ

. (69)

Thus the indirect reach on ξ can be compared to the direct reach on mρ, and exclusion bounds are set in
the (mρ, ξ) or, analogously, in the (mρ, gρ) plane.

Figure 88 shows the LHC bounds on σ×BR at 8 TeV with 20 fb−1, expected limits at the 14 TeV
LHC with 300 fb−1 (LHC) and 3 ab−1 (HL-LHC) and at a 100 TeV collider with 1 ab−1 and 10 ab−1.
Blue curves represent CMS bounds on WZ in a fully leptonic final state [617], while the more sensitive
orange curves depict CMS limits from opposite sign di-lepton searches [616]. We verified that the corre-
sponding ATLAS searches in Refs. [618] and [619] yield similar results. The current bounds have been
extrapolated to larger center-of-mass energies and different integrated luminosities with the procedure
described in Ref. [611]. As it can be seen from the figures, the limits approach a constant value at high
invariant masses. This is expected as the region corresponds to the zero background regime. An increase
of the integrated luminosity by a factor of 10 at a constant center-of-mass energy improves the exclusion
bound by a factor of 10 for large masses and and by a factor

√
10 ∼ 3 for intermediate masses where
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Fig. 88: Left: Bounds on σ×BR from LHC at 8 TeV (LHC8) with 20 fb−1 (solid) and corresponding extrapolations
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a 100 TeV collider with 1 ab−1 (solid) and 10 ab−1 (dashed). The two analyses of refs. [616] (CMS di-leptons,
orange, lower curves) and [617] (CMS fully leptonic di-bosons, blue, upper curves) are considered.

the background becomes sizeable, and the limit scales as the square root of the number of background
events. At very low masses, the bounds become unreliable due to a subtlety in the extrapolation proce-
dure which gives a conservative, but not strongest, bound (see Ref. [611] for details). Finally note in the
low mass limit, that bounds from the 14 TeV LHC are weaker than at 8 TeV, and a similar feature can be
observed when comparing a 100 TeV collider to the LHC at 14 TeV. This is due to the larger background
expected at higher center-of-mass energies. The growing cross-section at higher energy colliders will
compensate for this effect, however, and will eventually result in stronger limits on the model parameters
in the entire mass range.

These bounds on σ×BR can be translated into excluded regions in the (mρ, gρ) and (mρ, ξ) pa-
rameter space shown in the left and right panels of Fig. 89 respectively. Both plots show the relevant
parameter space for a 100 TeV collider. The strong coupling gρ is constrained to be larger than the SM
couplings but still within the perturbative regime, 1 ≤ gρ ≤ 4π, and ξ ≤ 1. Regions which violate these
conditions are theoretically excluded and shaded in grey in the exclusion plots. Current direct limits for
8 TeV are shown in dark violet, while extrapolated bounds from the 14 TeV LHC and a 100 TeV collider
are depicted in medium and light colours. The 100 TeV collider bound refers to an integrated luminosity
of 10 ab−1, while the dashed violet line shows the bound at 1 ab−1.

The shape of the direct bounds can be understood as follows. The coupling of the heavy triplet to
SM fermions scales as g2/gρ, where g is the SM SU(2)L gauge coupling. Since the dominant production
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mode is Drell-Yan, we see that the vector becomes effectively weakly coupled for large values of gρ. This
explains the weaker mass reach at large couplings. Furthermore, the scaling behaviour accounts for the
far mass reach of the di-lepton channel for low couplings. The kink at intermediate masses is due to
the transition between the regions where di-boson searches dominate the exclusion (low masses, large
coupling) and where di-boson searches dominate the exclusion (high masses, low coupling). The triplet
coupling to SM bosons goes as gρ and hence di-boson channels are more sensitive for larger values of
gρ.

From the plots we can infer, as expected, that an increase in the center-of-mass energy of the
collider enhances the mass reach significantly. In fact, only a 100 TeV collider has the capability to
access the multi-TeV region. An increase in luminosity improves the mass reach only slightly but is
considerably more effective in the reach for larger gρ.

Note that resonances become broad for large gρ because their coupling to longitudinal vector
bosons and the Higgs grows which increases the intrinsic width as g2

ρ. Broad resonances are harder to
detect and since a narrow resonance has been assumed in our analysis we expect the actual limits to be
even weaker than ours in the large coupling regime. To estimate the region where finite width effects
should start to become relevant we included the fine red dotted curves which depict the boundary to the
region where the widths exceeds 20% of the mass. In the region above the red line the width is even
larger and our bounds are no longer reliable (see Ref. [610] for details).

Indirect constraints are depicted as black dashed lines and show the expected 2σ errors on ξ,
corresponding to twice the error on kV ' 1 − ξ/2, obtained from single Higgs production. The values
are taken from Refs. [620–622]. In the (mρ, ξ) plane, the limits simply corresponds to horizontal lines
and translate into straight lines with varying inclination in the (mρ, gρ) plane. In particular, the plots
show the LHC reach with 300 fb−1 and 3 ab−1 corresponding to ξ > 0.13 and ξ > 0.08 respectively, and
the expected reach of the ILC and a leptonic FCC at

√
s = 500 GeV and

√
s = 350 GeV corresponding

to ξ > 0.01 and ξ > 0.004. Note that CLIC with 2 ab−1 is expected to have a sensitivity comparable to
the leptonic FCC.

In conclusion, the plots demonstrate that direct and indirect searches are complementary and probe
the parameter space of a composite Higgs model from different directions. While direct searches are
more powerful in the low coupling regime, indirect searches win for large couplings.
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Fig. 90: Left: regions in the ma − f plane excluded by flavon contributions to εK (orange) and ∆mK (red) for
our benchmark point and λS = 2. The dashed red contour corresponds to the excluded region based on projected
improvements in ∆mK . Right: parameter space where the branching ratio for Bd → µ+µ− stays within the 2σ

confidence interval (shaded gray), as well as contours of 1%, 5% and 10% enhancement with respect to the SM
prediction. Figure from Ref. [637].

4.1.6 Hunting the Flavon
In spite of a major effort in theoretical and experimental particle physics over many decades, the hier-
archies in the quark and lepton masses and mixing angles is not explained by the Standard Model. A
high-energy collider going significantly beyond LHC energies will, for the first time, have the chance to
systematically probe a dynamic origin of this flavor structure. We know various theories, which address
the flavor structure for example through abelian flavor symmetries [623–626], loop-suppressed couplings
to the Higgs [627], partial compositeness [628], or wave-function localization [629–633]. All of these
mechanisms introduce flavor-violating couplings and new, heavy degrees of freedom, which are usually
expected to be too heavy to be produced at the LHC. For instance, partial compositeness or warped extra
dimensions predict vector-like heavy quarks and colored spin-one resonances with large cross sections,
as discussed elsewhere in this report. Unfortunately, these resonance features are often not uniquely
pointing to flavor models.

A 100 TeV machine will for the first time directly probe parameter space not excluded by quark
flavor experiments. For low flavor breaking scales, which are well motivated if the flavor sector is related
to electroweak symmetry breaking [634, 635] or dark matter [636], the FCC-hh has the potential to
discover the dynamical degree of freedom of flavor symmetry breaking. In our discussion following
Ref. [637] we focus on flavon couplings directly related to the flavor breaking mechanism induced by a
minimal Froggatt-Nielsen model.

Before we discuss potential FCC searches, we briefly review the current and future indirect con-
straints in the quark and lepton sectors. On the quark side, the flavon mass and couplings are con-
strained by the non-observation of new physics in meson mixing and semi-leptonic meson decays. Fu-
ture improvements in meson mixing analyses are unliely to significantly change the typical current con-
straints [638], and CP-violation in K − K̄ mixing will remain the strongest bound. We show its impact
on the flavon parameter space in the left panel of Fig. 90. In the semi-leptonic decay Bd → µ+µ−

possible per-cent deviations from the SM prediction could hint at a flavon, while current limits from Bd
and Bs decays from CMS and LHCb measurements [639–641,641] are weaker than bounds from meson
mixing. In the right panel of Fig. 90, we show the current best fit point as well as contours of constant
deviation from flavon exchange in Bd → µ+µ− searches.
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Fig. 91: Left: Regions in the ma − f plane excluded by flavon contributions to the conversion Nµ→ Ne. Right:
top branching ratios into a flavon and a jet as a function of the flavon mass, assuming a fixed VEV of f = 500

GeV. Figure from Ref. [637].

In contrast to the quark sector, the next generation of experiments measuring lepton flavor violation
will gain immense sensitivity over the current experiments. The current bound from the radiative decay
µ → eγ will be improved by an order of magnitude by the MEG II experiment [642]. In addition, the
DeeMe [643], COMET [644], and Mu2e [645] experiment project an improvement of up to four orders of
magnitude in µ→ e conversion. Finally, the bound on Br(µ→ 3e) should be improved by five orders of
magnitude by the Mu3e experiment [646]. To illustrate this improvement we choose a benchmark point
where the flavor structures in the quark and lepton sectors are generated by the same minimal parameter
setup. On the one hand, this allows us to directly assess the different experimental projections. Given that
this link is a strong assumption, we should aim at an independent coverage of the flavon parameter space
through leptonic and hadronic observables. In the left panel of Fig. 91, we show the current constraint
and impact of future limits from µ→ e conversion for which we find the strongest future limits. At least
for relatively small flavon masses the experimental test of the lepton sector will soon surpass the flavor
physics reach.

Collider searches at the FCC will complement the quark flavor reach in particular in the weak
regime where the scalar flavon effects are partly cancelled by the additional pseudo-scalar contributions.
Such searches are particularly challenging due to the absence of flavon couplings to electroweak gauge
bosons and top quarks (in our simple setup).

For our collider signatures we rely on flavon-specific flavor off-diagonal coupling to charm and top
quarks. In the light-flavon region, the LHC sets a bound from rare top decays, which will be significantly
improved at the FCC-hh, as discussed in the SM part of this report [647]. The corresponding branching
ratios and projected limits are shown in the right panel of Fig. 91. The small production cross sections
at the LHC, shown in the left panel of Fig. 92, make it impossible to probe flavons heavier than the
top quark even at high LHC luminosities. Flavon production cross sections at the 100 TeV collider are
typically larger by two orders of magnitude. In particular flavon production with heavy initial-state sea
quarks become gain relevance. Still, we find that s-channel resonance searches at 100 TeV are barely
sensitive due to top and QCD backgrounds [637].

We therefore propose to search for flavons in associated production with a top quark. For the
leading flavon decay a→ t+jet we arrive at a same-sign top pair signature with an additional jet,

pp→ t`a→ t`t`c̄ , (70)
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Fig. 92: Flavon production cross sections in the different channels for the 14 TeV LHC and a 100 TeV hadron
collider using the MSTW2008 PDF set [84]. Couplings are evaluated at µ = ma or µ = ma + mt with CRUN-
DEC [649]. Figure from Ref. [637].

with a partonic gc initial state. It leads to two same-sign leptons, two b-jets, and one additional jet. We
simulate the hard process with MADGRAPH5+PYTHIA8+DELPHES3 [94, 113, 261, 263, 264] and find a
signal rate of 5.4× 10−3 pb× (500 GeV/f)2 for ma = 500 GeV. The irreducible SM background,

pp→ bbW+W+j (71)

has a leading order cross section of 5.7 ·10−7 pb and is therefore negligible. Instead, we need to consider
t`t̄Zj and t`t̄W+j production, with at least one leptonic top decay and a leptonically decaying weak
boson. These backgrounds are significantly larger, σt` t̄W+j = 0.33 pb and σt` t̄Zj = 0.48 pb. To isolate
the signal, we

- require two isolated same-sign leptons with

Riso = 0.2 , Iiso = 0.1 , pT,` > 10 GeV , |η`| < 2.5 ; (72)

- veto a third lepton with any opposite-sign combination giving |m`+`− −mZ | < 15 GeV;
- identify the hardest anti-kT jet [648] (pT > 40 GeV, and |ηj | < 2.5) jet with pT,j > 100 GeV as

our c-candidate;
- require, among the non-c jets, at least two b-tags with a parton-level b-quark within R < 0.3 and

an assumed tagging efficiency 50 %;
- require /pT > 50 GeV;
- require mt < mT2 < ma;
- onsider two b-jet charge tagging efficiencies, as described below.

Since the missing transverse momentum has to be distributed between the flavon decay and the top decay,
we define two branches by assigning each b-quark to the leptons and minimizing ∆R`1bi + ∆R`2bj . We
further assign the hard c-jet to the top candidate with the smaller ∆y(`b),j . For most signal events we
expect mt < mT2 < ma, which allows us to search for an excess of events over the background that
provides side-bands at high value of mT2 [136,137]. We show the corresponding distribution in the left
panel of Fig. 93.

A final, distinctive feature of the signal is that both leptons originate from tops, so the two b-jets
should be tagged with the same charge [650]. Recent ATLAS studies [651] show that a b-b̄ distinction is
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Fig. 93: Regions in the ma − f plane which can be probed by quark flavor physics (εK), by lepton flavor physics
(µ→ e conversion), and by a 100 TeV hadron collider. For the latter we show the reach of anomalous top decays
and same-sign top production. Figure from Ref. [637].

possible with εS = 0.2 and εB = 0.06. For our analysis we assume two scenarios: a conservative esti-
mate based on these ATLAS efficiencies, and a more optimistic case for which we assume an improved
mis-tagging rate of εB = 0.01 and an overall b-tagging efficiency of 70 %.

To summarize our findings and illustrate the competitive reach of a 100 TeV collider, we show
its projected 95% CL reach in the associated production channel in Fig. 93. In addition, we show the
projected reach of indirect quark flavor and lepton flavor experiments. We see that experiments sensitive
to the quark and lepton sectors nicely overlap in the parameter space of our universally challenging
benchmark model. The combination of direct and indirect searches in the quark and lepton sectors will
for the first time give us the opportunity to test the dynamic nature of the flavor structure in the Standard
Model. Just like any collider search, the FCC-hh will provide us with conclusive information about the
nature of the flavon up to TeV-scale flavon masses.

4.1.7 W ′ → tb in Weak Boson Fusion
In this section we discuss the motivations, summarize the main results and suggest possible improve-
ments of the study presented in Ref. [652], where a first estimate of the reach of a 100 TeV collider
on a W

′
vector resonance produced via weak-boson-fusion and decaying dominantly into tb was pre-

sented. As we pointed out in the previous subsection, vector resonances V are a general prediction of
many BSM scenarios and in particular of compelling models of Higgs compositeness [653], where they
emerge from new strongly interacting dynamics which also generates the Higgs. Naturally, one thus
expects a strong interaction of the vector resonances with the Higgs and the would-be Goldstone bosons,
i.e. the longitudinal WL, ZL bosons. The mass hierarchy of the SM quarks can indeed be explained
through variations in the size of the mixing of SM quarks with the strong sector. Consequently, the inter-
action of vector resonances with SM light quarks is typically small. Heavier quarks, such as the top and
bottom, have a sizable mixing with their composite partners in the strong sector and are partially com-
posite particles [628]. The light generations have instead a negligible degree of compositeness. The light
quark couplings to vector resonances is thus small and is inversely proportional to the V coupling to the
WL/ZL bosons, which we denote as gV [610,654,655]. This implies that for larger gV couplings, corre-
sponding to the regime of a more strongly coupled BSM dynamics, the vector resonance production via
Drell-Yan, which is the main production mechanism at the LHC, is suppressed by ∼ g2/g2

V . In the large
gV regime, the alternative vector-boson-fusion (VBF) production mechanism, which is instead enhanced
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by g2
V , becomes thus relevant (as shown in Fig. 94) and can allow to directly test a strongly-coupled (but

yet perturbative) regime that could otherwise be difficult to test via the DY channel. The sensitivity of
the VBF production, due to its t-channel nature, increases considerably with the center-of-mass energy
of a pp collider (Fig. 94). A future 100 TeV collider, as we estimated in Ref. [652], can give a unique
opportunity to test a wide range of vector resonance masses for large gV coupling. As it is clear from
the previous subsection, this particular choice of parameter space cannot be easily probed at the LHC 19,
even with 3000 fb−1 [611].

For our analysis of the channel in Fig. 95 at a 100 TeV collider, we have considered a two-site
effective description of a Minimal Composite Higgs Model (MCHM) [653] with partial compositeness
(see Ref. [652] for details on the model). The relevant terms of the Lagrangian read as follows:

LV = −g2MW cot θ2W
′+
µ W−µh

+i
g2

cW
cot θ2

M2
W

M2
W ′

[
ZµW+ν

(
∂µW

′−
ν − ∂νW

′−
µ

)

+ZµW
′+ν (∂µW−ν − ∂νW−µ

)
+W

′+µW−ν (∂µZν − ∂νZµ)
]

− g2√
2

tan θ2W
′+
µ

(
q̄uLγ

µqdL + ν̄lLγ
µl−L

)

+
g2√

2
W
′+
µ (t̄Lγ

µbL)
(
s2
L cot θ2 − c2

L tan θ2

)
+ H. c.

(73)

where g2 = e/ sin θW , sW (cW ) ≡ sin θW (cos θW ) and q = (qu, qd) represents a doublet of the first or

second generation of quarks. The parameter sL (cL =
√

1− s2
L) represents the degree of compositeness

of the 3rd generation (tL, bL) doublet. Motivated by the partial compositeness scenario, we have con-
sidered a relatively large value sL = 0.7. For such a value the W

′ → tb BR is about 0.6 in the regime
gV & 3, relevant to this analysis. The θ2 parameter in the Lagrangian determines the rotation which
diagonalizes the mixing between a composite W ∗ resonance from the strong sector and an elementary
W boson, which leads to the W

′
and to the SM W mass-eigenstates. θ2 controls the interactions of the

vector resonances. In particular, the V coupling to WL/ZL bosons is given by gV = g2 cot θ2.

We have performed a search analysis, based on Monte Carlo simulations, of the VBF W
′ → tb

signal depicted in Fig. 95 at a 100 TeV collider. Signal and background events have been simulated at
LO with MadGraph 5 [111] and passed to PYTHIA [264] for showering and hadronization. We have
also applied a smearing to the jet energy in order to mimic detector effects [656]. The main backgrounds
include the WWbb, which is mainly made of tt̄ events with a minor contribution from single-top Wt
events, the Wbb+jets and the t-channel single top tb+jets. This latter, which has a t-channel topology
similar to the signal, represents the dominant background after applying our selection. We focused on
the final state:

e/µ+ njet jets, njet ≥ 4 (2 b-tag). (74)

and we applied the following isolation criteria and pT acceptance cuts on the lepton and jets:

pT j > 30 GeV , pT l > 40 GeV , ∆R(l − j) > 0.2 , |ηj | < 5, 6 (75)

We explored a region at high W
′

masses, where the top is boosted and, as a consequence, the lepton
tends to be harder and at a lower R separation from the b-jet, which also comes from the top decay. The
relatively hard acceptance cut on the lepton pT has been chosen in order to obtain a better distinction
from the b-jet [657].

19Also considering that V resonances become typically broad in this regime.
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Fig. 94: Upper: cross section for the W
′

VBF production at the LHC-14 (dashed curve) and at a futuristic 100
TeV pp collider (thick curve) for a coupling gV = 4. Cross sections scale as g2

V with the coupling. We have
applied a 30 GeV cut on the jet pT and a rapidity acceptance |ηj | < 5. Lower left: contours of different ratios of
the VBF over DY W

′
production cross sections on the (MW ′ , gV ) parameter space at the LHC-14; Lower right:

same quantity at a 100 TeV collider. The shaded areas in the upper-left corner of the parameter space correspond
to values gV v/MV > 1 which are indicative of a theoretically excluded region (where v/f & 1) in MCHM.

q

q
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q′

W+
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W ′+
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t
b

l+

ν
gV

Fig. 95: Feynman diagram for the VBF W
′ → tb process. Both the W

′+ and the W
′− processes are considered

in the analysis.
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Fig. 96: Normalized rapidity distribution of all of the final jets which have passed the acceptance requirements in
Eq. (75), with the exception of the |ηj | restriction, for the total background (red dashed curve) and the signal with
mW ′ = 4 TeV, gV = 4 (black curve) at a 100 TeV collider.

We have employed a simple search strategy which relies on the main characteristics of the signal:
the distinctive VBF topology with the two final forward-backward jets emitted at high rapidity and with
a large η separation (see Fig. 96) and the presence of a heavy resonance which leads to hard final states.
We have thus imposed a first cut on HT2, defined as the scalar sum on the pT of the leading and second-
leading jet, HT2 > 800 GeV, which already reduces significantly the background and we have then
imposed a forward-backward jet tagging, by requiring that at least one signal jet had η > 2.5 and at least
one jet η < −2.5 and that the forward-backward jets had a rapidity separation |∆η FJ,BJ | > 8.
We found that at a 100 TeV collider, the signal is really boosted and, for a significant fraction of the
events, the two final forward-backward jets have a rapidity larger than 6, as shown in Fig. 96. We thus
point out that it would be advantageous to extend the rapidity acceptance of a future pp collider to the
forward region up to values ∼6.
The subsequent steps of the analysis consist on a simple reconstruction procedure of the top and the
bottom in the final state which allow the W

′
resonance reconstruction. We have thus imposed a bound

on the reconstructed W
′

invariant mass, mW ′ , and on the pT of the top and of the bottom:

MW ′ (TeV) 2 3 4 5 6

mW ′ > (TeV) 1.5 2.5 3.5 4.0 5.0

pT b, t > (TeV) 0.75 0.9 1.5 1.5 1.5

(76)

The final results of our selection are shown on Table 9. We used these results to extract the
discovery/exclusion reach on the W

′
(mass, coupling) parameter space of a 100 TeV collider. We found

that while the 14 TeV LHC can access only a small portion of the MCHM parameter space (the high-
luminosity LHC, with 3 ab−1 can exclude a W

′
vector resonance up to about 2.1 TeV), a future 100 TeV

pp collider has a much wider sensitivity. The left plot in Fig. 97 shows that at a 100 TeV collider a 5σ
discovery is achieved for a W

′
in the VBF channel with masses up to 5.1 (4) TeV with 10 (1) ab−1 of

integrated luminosity in the large gV coupling region. The exclusion potential of a 100 TeV collider, as
shown in the lower plot of Fig. 97, extends up to W

′
masses of 6.1 (5.1) TeV with 10 (1) ab−1. These

values refer to a jet-rapidity acceptance |ηj | < 6. As we anticipated, we found that the reach of a 100
TeV collider is significantly enhanced, by about a 10% in the W

′
mass reach, if the rapidity acceptance

on the jets can be increased from 5, the present LHC rapidity coverage, up to 6.
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100 TeV signal bckg

|ηj | < 5 |ηj | < 6 |ηj | < 5 |ηj | < 6

(MW ′ (TeV), gV )

(2, 4) 0.56 1.1 70 100

(3, 4) 0.13 0.25 31 45

(4, 4) 0.022 0.042 4.8 7.2

(4, 8) 0.082 0.15 4.8 7.2

(5, 8) 0.028 0.051 3.6 4.9

(6, 12) 0.013 0.022 1.4 1.8

Table 9: Signal and background cross sections, in fb, at a 100 TeV collider after the complete selection.
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Fig. 97: The 100 TeV pp collider reach, with 1 and 10 ab−1, on a W
′

produced via VBF in the tb channel. Left:
5σ discovery potential. Right: 95% CL exclusion reach. The continuous (dotted) curves are obtained for a jet
rapidity acceptance |ηj | < 6 (5). The shaded areas in the upper-left corner of the parameter space correspond to
values gV v/MV > 1 which are indicative of a theoretically excluded region (where v/f & 1) in MCHM.

In conclusion, we have shown that a future 100 TeV pp collider offers the possibility to test, using
the VBF channel, a wide range of a vector resonance mass and coupling parameter space and, most
importantly, that the reach of a 100 TeV collider in VBF extends up to the more strongly-coupled regime
of composite Higgs models, which is not within the reach of LHC.
Motivated by MCHM with partially composite 3rd generation quarks, we have focused on the W

′ → tb
channel and have outlined a simple signal-selection strategy which mainly relies on the distinctive VBF
topology. Several improvements and extensions to our analysis are possible. Firstly, one could further
exploit the boosted nature of the final states to apply more refined top-reconstruction techniques (as for
example explained in Section 4.1.4). It could be also interesting, in this case, to consider a different
final state, for example a totally hadronic final state, which would lead to a larger signal cross section
compared to the semileptonic channel considered in our analysis. A natural extension of our study
is then to consider different W

′
decay channels. In the case, for example, where the top degree of

compositeness is relatively small (sL . 0.5) the dominant decay channels become W
′ → WZ/Wh.

Finally, in our analysis we have neglected the possible contributions of vector-like quarks, which could
lead to spectacular new signatures [655] at a 100 TeV collider.
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4.1.8 Photon Cascade Decay of the Warped Graviton
The warped Randall-Sundrum models, where Standard Model gauge fields [658,659] and fermions [630]
are allowed to propagate in the 5-dimensional bulk, provides an excellent framework to address both the
Planck-weak and flavor hierarchy problems of the SM [629,660,661]. In this class of models, the Kaluza-
Klein (KK) gravitons (as well as gauge and fermion KK states) mostly interact with heavy SM fields such
as the top quark, Higgs, and longitudinal modes of Z/W gauge bosons because all the particles involved
in the relevant couplings are localized near the TeV/IR brane. Hence, once produced, they give rise to
interesting collider signatures, and various aspects of collider phenomenology (mostly in the context of
the LHC) have been studied in, for example, in Refs. [603, 662–672].

At the same time, future colliders beyond the LHC could not only offer discovery opportunities for
the KK particles but also allow their precision studies. Given this situation, it is opportune and interesting
to examine potential signals from KK particles in more detail and explore other non-conventional decay
modes especially if they can provide independent information on the underlying model parameters. With
this goal in mind, we investigate here a novel signature coming from the cascade decay of KK gravitons,
i.e., those with final states having other KK particles. We particularly focus on the “photon cascade”
decay mode, for which the original study was presented in Ref. [673],

pp→ G1 → γ1γ , (77)

where G1 and γ1 denote the first KK states of the graviton and photon, respectively. This channel could
potentially be a good cross-check of the conventional search channels accompanying two heavy SM
states. Moreover, in the post-discovery and precision study phase, the specific dependence of the rate
on the volume factor for the process in Eq. (77) – which differs from that in conventional ones – may
enable us to extract the underlying model parameters separately in conjunction with information from
other channels. In this context, we emphasize that, in general, this new decay mode is complementary to
the ones that were previously investigated.

A rough sketch of particle profiles in the model under consideration is given as follows: 1) all
KK states are localized near the TeV/IR brane, 2) left-handed top and bottom quarks are either localized
near TeV brane or have a (roughly) flat profile; for concreteness we choose this latter option, with the
tR localized near the TeV brane, 3) SM photon and gluon have flat profiles, and 4) light SM fermions
are localized near the UV brane (to suppress their couplings with the Higgs). We then find the following
features of the KK graviton coupling, in particular, for their production and decay: i) the couplings
to tR/h/WL/ZL are the largest, i.e., O(1), ii) the coupling to the SM gluon, relevant for production,
is suppressed by a “volume factor” ∼ 1/(kπR), and iii) the coupling of γ1 with γ is “in-between”
the previous two. Here, k and R are the curvature scale and the compactification radius of the RS
background, respectively; the Planck-weak hierarchy is generated for kR ' 11.

The couplings relevant to verticesG1gg andG1γ1γ have been studied in Ref. [662], and it turns out
that they are proportional to 1/(kπR) and 1/

√
kπR. Therefore, the total rate for gg → G1 →WW, ZZ

etc., goes like ∼ 1/(kπR)2, whereas that for gg → G1 → γ1γ scales with ∼ 1/(kπR)3. Roughly
speaking, we then anticipate that the ratio between conventional channels and photon cascade channel
should scale as kπR, enabling us to extract information on the 5D parameter kR. Hence, a measurement
of the process proposed here after potential discovery made in the conventional heavy SM channels can
shed light on the parameters of warped models.

The signal process that we consider is pp → G1 → γ1γ followed by γ1 → W+W− → (jj)`ν.
We adopted the KK photon couplings and model parameter values in Ref. [668], which motivated the
choice BR(γ1 → W+W−) ' 0.44 as a typical value. Basically, the signal process is characterized by a
three-step cascade decay of G1 into γ, (hadronic) W , and ` (e or µ) along with an (invisible) neutrino:

G1 → γγ1 → γW±W∓ → γW±(→ jj)`∓ν (78)
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Since all visible particles (including the hadronic W ) are fully distinguishable, many distinctive kine-
matic features can be easily applied without any combinatorial issues. We first expect a hard photon
due to a sizable mass gap between G1 and γ1. A large mass hierarchy between γ1 and W again enables
us to have hard jets, lepton, and missing transverse momentum. In particular, the W is so significantly
boosted that the two jets are highly collimated, demanding us to employ the boosted object techniques
to tag merged two-prong W jets while suppressing the single-prong QCD jet background.

On top of the cuts motivated by the hardness of final state objects, the two invariant masses defined
by G1 and γ1 and the associated invariant mass cuts play a crucial role in suppressing backgrounds.
In order to reconstruct them, we first obtain the energy-momentum of the invisible neutrino using the
missing transverse momentum constraint and ν/W mass-shell conditions. Although there arise two
solutions, we consider the event of interest as accepted in our analysis if either of the resulting solutions
pass the two invariant mass window cuts:

mγ
1 − Γγ1 < m`jjν < mγ

1 + Γγ1 , (79)

mG
1 − ΓG1 < mγ`jjν < mG

1 + 2ΓG1 , (80)

where ΓG1 and Γγ1 are the widths of G1 and γ1, respectively. Here the asymmetric form of the latter
criteria considers the possibility of skewed Breit-Wigner distributions for KK gravitons having a large
c (≡ k/M̄P ) parameter. More quantitatively, it turns out that the KK graviton with a large c value
(e.g., ∼ 2) has a particle width larger than ∼ 20% of its mass. Moreover, the G1gg coupling emerges
from a dim-5 operator (in turn, due to its spin-2 nature) which grows with energy, and therefore, larger
mγ`jjν values are preferred. In particular, at higher energy colliders such as a 100 TeV collider, the KK
graviton mass of a few TeV is in the regime of low x, so that we expect that the associated invariant
mass distribution is not significantly affected by the gluon parton distribution function, i.e., the skewness
becomes manifest. The left panel of Fig. 98 demonstrates the shift of the peak position for three different
KK photon masses with the c parameter fixed to 2. We observe that the peak position is shifted by about
half ΓG1 in all cases, comparing with relevant theory expectations denoted by the black dashed vertical
lines.

When it comes to the selection process in regard tom`jjν andmγ`jjν , we introduce a new weighted
measureW defined as

W =
|m`jjν −mγ

1 |
Γγ1

+
|mγ`jjν − (mG

1 + 0.5ΓG1 )|
1.5ΓG1

, (81)

in order to capture the events where one of the invariant mass windows is marginally not satisfied while
the other is satisfied. The right panel of Fig. 98 shows the performance of the W measure. The signal
events typically give a smallW , whereas background events are peaked at a larger value ofW . This is
because it is rather unlikely for the reconstructed mG1 and mγ1 in background events to be within both
invariant mass windows simultaneously.

Given that the collider signature of our signal process is characterized by γ`jj + E/T , several SM
processes should be taken into consideration as potential backgrounds. Obviously, the irreducible SM
background is from WWγ production. Due to the existence of merged jj in the signal, we expect that
the most important reducible background comes from Wjγ, which contains a (single-prong) QCD jet. It
turns out that this reducible background dominates over the irreducible one from WWγ. Several other
backgrounds such as WWj (by a photon fake), ZZγ, and Wjjγ can be considered, but they can be
sufficiently suppressed by a set of cuts that we impose.

We next discuss the discovery opportunity of the KK graviton based on the cuts listed in Table 10.
To this end, we take a couple of representative study points (SPs) at

√
s = 100 TeV: 1) SP1 with

mγ
1 = 2.5 TeV and c = 2 and 2) SP2 with mγ

1 = 3 TeV and c = 2. As mentioned before, the dominant
SM background is Wjγ. For the distributions of the transverse momenta of the leading jet P jT and
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Fig. 98: Left panel: unit-normalized mWWγ distributions for three different mγ1 values with c = 2.
√
s is set

to be 100 TeV. The vertical dashed lines indicate the relevant theory expectations. Right panel: unit-normalized
distributions of the W variable for the dominant background Wjγ (black solid histogram) and the signal (red
dashed histogram) events at

√
s = 100 TeV.

the photon P γT , the background peaks in the low PT region while the signal events tend to have larger
values of PT above 150 GeV and 600 GeV for the jets and photon, respectively. Therefore, we find
that P jT > 150 GeV and P γT > 600 GeV are very powerful in reducing the background. Furthermore,
the invariant mass constructed with the two W ’s and the photon can provide a powerful handle for the
signal-background separation. As discussed above, we implement this observation as the W measure
and confirm its performance (see the right panel of Fig. 98).

We make our parton-level Monte Carlo simulation for both signal and background processes,
using MG5_aMC@NLO [94] and CalcHEP3.4 [674] using the parton distribution functions NNPDF23 [675].
To implement the warped hierarchy/flavor model under consideration appropriately, we first take existing
model files in Ref. [676]. As the model files do not contain the vertex of G1γ1γ, we add the relevant
vertex structure based on the corresponding one encoded in G1γγ as previously explained. In addition,
various decay modes of γ1 are written by modifying the existing vertices in the model files. We obtain the
total number of signal (defined as S) and background (defined as B) events to calculate the significance
S/
√
B as follows:

S = εW ×NS , (82)

B = εW ×NWWγ + 2× (1− εj)×NWjγ , (83)

where NS , NWWγ , and NWjγ are numbers of events after all cuts, i.e., the numbers in the second
and third last rows in Table 10, for the signal (either SP1 or SP2), WWγ, and Wjγ backgrounds,
respectively. Here the tagging efficiency εW (rejection rate εj) for a two-prong W -jet (single-prong
QCD jet) is set to be 0.5 (0.95) [677]. For a more conservative analysis, we include a factor of two for
the Wjγ background to account for the next-to-leading order corrections.

Table 10 shows signal (SP1 and SP2) and background (WWγ and Wjγ) cross sections in fb
according to a set of cuts at a pp collider of

√
s = 100 TeV. We find that mγ

1 = 2.5 TeV (or equiva-
lently, mG

1 ∼ 3.7 TeV) can allow a 5σ discovery of our photon cascade decay signal with an integrated
luminosity of 3 ab−1. This scale of the KK graviton mass is in a fairly good agreement with precision
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SP1 SP2 WWγ Wjγ

No cut 0.4 0.13 – –

Basic cuts 0.35 0.12 (391) (1.68×105)

pγT > 600 0.31 0.11 1.81 132.0

p
j/`
T > 150 0.26 0.10 0.28 42.5

|ηall| < 2.0 0.21 0.08 0.19 29.6

Emiss
T > 150 0.20 0.077 0.10 13.1

∆Rjj < 0.4 0.19 0.077 0.09 –

60 < mjj < 100 0.19 0.077 0.09 –

W < 0.9(SP1) 0.03 – 0.0025 0.29

W < 2.0(SP2) – 0.014 0.0055 1.19

L (ab−1) 3 3 3 3

Number of events (SP1) 90 – 7.5 870

Number of events (SP2) – 42 16.5 3570

S/
√
B 5.0σ 1.1σ – –

Table 10: Signal and background cross sections in fb according to a sequence of cuts for two study points, SP1:
mγ

1 = 2.5 TeV with c = 2 and SP2: mγ
1 = 3 TeV with c = 2, and two dominant SM backgrounds at a pp

collider of
√
s = 100 TeV. To evaluate the background cross sections as leading order (in parentheses) without

introducing any possible divergence, we require basic selection cuts such as pjT > 20 GeV, pγ/`T > 10 GeV,
|ηj | < 5, |ηγ/`| < 2.5, and ∆Rjj/jγ > 0.01. All momenta and masses are in the unit of GeV.

electroweak constraints [678, 679] as well as the current bounds inferred from a null observation of KK
gluons [680, 681].

To summarize, we have studied an unconventional search channel of the KK graviton featured by
a novel “cascade decay” into a photon and an on-shell KK photon γ1 which subsequently decays into
a semi-leptonic W pair. The highly energetic photon due to the mass gap between G1 and γ1 provides
a distinct and elementary final state signature which can be detected efficiently. Although the photon
coupling is suppressed by a 5D “volume factor”, the strong coupling between G1 and γ1 renders this
mode merely semi-suppressed. Consequently, we pointed out that the different dependence of the total
rate on the volume factor from that of conventional search channels could enable us to determine the
underlying model parameters. We found that the discovery reach of the KK graviton at future colliders
such as a 100 TeV collider would be roughly mG

1 = 4 TeV at an integrated luminosity of 3 ab−1.
Finally, we emphasize that the proposed search strategy with regard to γ`jj + E/T signature can be
straightforwardly applied to other BSM models containing processes yielding the same final state.

4.1.9 Seesaw Models and Resonances with Cascade Decays Involving RH Neutrinos
A widely discussed paradigm for neutrino masses is the so-called type-I seesaw mechanism [682–685]
which postulates the existence of heavy right-handed (RH) neutrinosN with Majorana masses. The mass
scale of the RH neutrinos, synonymous with the seesaw scale, is a priori unknown, and its determination
would play a big role in vindicating the seesaw mechanism as the new physics responsible for neutrino
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mass generation. In a bottom-up approach, the seesaw scale could be anywhere ranging from the left-
handed (LH) neutrino mass scale of sub-eV all the way up to the grand unification theory (GUT) scale.
However, there are arguments based on naturalness of the Higgs mass which suggest the seesaw scale
to be below 107 GeV or so [686, 687]. It is therefore of interest to focus on the seesaw scale being
in the multi-TeV range which can be accessed at the current and foreseeable future collider energies.
In particular, hadron colliders can probe TeV-scale seesaw through the “smoking gun” lepton number
violating (LNV) signal of same-sign dilepton plus dijet final states: pp→W ∗ → N`± → `±`±jj [688]
and other related processes, such as the collinear-enhanced t-channel photon exchange processes [689–
691]. In addition, there are many kinds of complementary low energy searches for rare processes, such
as neutrinoless double beta decay (0νββ) [692], lepton flavor violation (LFV) [693], anomalous Higgs
decays [694–697] and so on which are sensitive to TeV-scale models of neutrino mass. It is important
to emphasize that the collider probe of the seesaw is truly complementary to the low-energy searches of
LNV and LFV at the intensity frontier. For a recent review on the collider aspects of TeV-scale seesaw,
see e.g., Ref. [698].

In the simplest seesaw extension of the SM, i.e. with the minimal addition of the heavy Majorana
neutrinos while keeping the SM gauge group unchanged, there are two key aspects that can be tested
experimentally, namely, the Majorana mass MN of the mostly sterile neutrinos and their mixing V`N
with the active neutrinos. In the traditional “vanilla" seesaw mechanism [682–685], the left-right neutrino
mixing is suppressed by the light neutrino mass Mν . 0.1 eV:

V`N '
√
Mν

MN
. 10−6

√
100 GeV

MN
. (84)

Thus for a TeV-scale seesaw, the experimental effects of the light-heavy neutrino mixing are expected
to be too small, unless the RH neutrinos have additional interactions, e.g. when they are charged under
a U(1) or SU(2) gauge group. There exists a class of low-scale Type-I seesaw scenarios [699–708],
where V`N can be sizable due to specific textures of the Dirac and Majorana mass matrices in the seesaw
formula Mν ' −MDM

−1
N MT

D . However, the constraints of small neutrino masses usually suppress the
LNV `±`±jj signals [702, 707, 709] in these models.

Another natural realization of a low-scale seesaw scenario with large light-heavy neutrino mix-
ing is the inverse seesaw model [710, 711]. In this case, the magnitude of the neutrino mass becomes
decoupled from the heavy neutrino mass, thus allowing for a large mixing

V`N '
√
Mν

µS
≈ 10−2

√
1 keV
µS

, (85)

where µS is the small LNV parameter in the theory, whose smallness is “technically natural”, i.e. in the
limit of µS → 0, lepton number symmetry is restored and the LH neutrinos are massless to all orders in
perturbation theory, as in the SM.

As for the LNV signature at colliders, in a natural seesaw scenario with approximate lepton num-
ber conservation, the LNV amplitude for the on-shell production of heavy neutrinos at average four-
momentum squared s̄ = (M2

N1
+M2

N2
)/2 can be written as

ALNV(s̄) = −V 2
`N

2∆MN

∆M2
N + Γ2

N

+O
(

∆MN

MN

)
, (86)

for ∆MN . ΓN , i.e. for small mass difference ∆MN = |MN1 −MN2 | between the heavy neutrinos
compared to their average decay width ΓN ≡ (ΓN1 + ΓN2)/2. Thus, the LNV amplitude in (86) will
be suppressed by the small mass splitting, except for the case ∆MN ' ΓN when it can be resonantly
enhanced [712]. In general, whether the dilepton signal can be of same-sign or mostly of opposite-
sign depends on how degenerate the RH neutrinos are and to what extent they satisfy the coherence
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Fig. 99: Feynman diagram for the “smoking gun” collider signal of seesaw in the LRSM.

condition [713]. For seesaw models with suppressed same-sign dilepton signal, one can use the opposite-
sign dilepton signal [714] and rely on the specific kinematic features to distill the signal from the huge
SM background. Another option is to use the trilepton channel: pp → W ∗ → N`± → `±`∓`± +
/ET [715–720], which has a relatively smaller SM background.

The current direct search limits using the same-sign dilepton channel with 20 fb−1 data at
√
s = 8

TeV LHC [721, 722] range from |V`N |2 . 10−2 − 1 for MN = 100 − 500 GeV for ` = e, µ. These
limits could be improved by roughly an order of magnitude and extended for heavy neutrino masses up
to a TeV or so with the Run-II phase of the LHC [698] or with a future lepton collider [723, 724]. On
the other hand, with the currently allowed mixing, a 5σ discovery can be made for a TeV-scale heavy
Majorana neutrino at a 100 TeV collider with 1 ab−1 of integrated luminosity [691]. We should note
here that the Wγ vector boson fusion processes [690, 691, 698] become increasingly important at these
energies and must be taken into account, along with the usual Drell-Yan production mechanism so far
considered in analyzing the LHC data.

On the theory front, a natural framework which could provide a TeV-scale renormalizable theory
of the seesaw mechanism is the Left-Right (L-R) Symmetric extension of the SM (LRSM) [725–728],
see also Section 4.5 of Volume 2 of this report. The two essential ingredients of seesaw, i.e., the existence
of the RH neutrinos (and exactly three of them) and the seesaw scale, emerge naturally in LRSM – the
former as the parity gauge partners of the LH neutrinos and the latter as the scale of parity restoration.
There also exist examples [729] where the small neutrino masses via type-I seesaw at TeV-scale can
arise without excessive fine tuning of the LRSM parameters. In addition, the discovery of the RH gauge
bosons below 10 TeV could falsify the popular mechanism of leptogenesis as a viable explanation of
the observed matter-antimatter asymmetry in our Universe [730–733]. There are therefore considerable
theoretical motivations to search for TeV-scale L-R seesaw signatures at the LHC and future colliders.
It is worth emphasizing that in the LRSM, the Majorana nature of the RH neutrinos inevitably leads to
the LNV signature of `±`±jj [585, 688, 717, 734–741], irrespective of the light-heavy neutrino mixing
parameter V`N . A RH charged gauge boson mass up to ∼ 5.5 TeV with 300 fb−1 of data at the 14 TeV
LHC [734] or up to ∼ 32 TeV with 1 ab−1 of data at a 100 TeV collider [585, 741] can be probed using
the same-sign dilepton channel.

For MWR
> MN > MW , there are four different sources in the LRSM for the origin of the ``jj

signal at the LHC [739, 742] (see Fig. 99):

LL : pp → W ∗L → `N → ``WL → ``jj , (87)

RR : pp → WR → `N → ``W ∗R → ``jj , (88)

RL : pp → WR → `N → ``WL → ``jj , (89)

LR : pp → W ∗L → `N → ``W ∗R → ``jj , (90)
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where the first (LL) mode is the only one that arises in the SM seesaw via s-channel exchange of the
SM W -boson, whereas all the four modes can arise in L-R models. These signals are uniquely suited
to probe the Majorana and Dirac flavor structure of the neutrino seesaw and are therefore an important
probe of the detailed nature of the seesaw mechanism. To this end, it is important to disambiguate
the different mechanisms (87)-(90) in case of a positive collider signal in future. This can be done
systematically [741] by determining the kinematic endpoints of different invariant mass distributions,
e.g., m``, m`jj , m``j etc., irrespectively of the dynamical details. This general kinematic strategy is
equally applicable to both same and opposite-sign dilepton signals. In this sense, its efficacy is not
just limited to the type-I seesaw models, but also to many of its variants, such as the inverse [710, 711],
linear [743] and generalized [704,744–746] seesaw models, which typically predict a dominant opposite-
sign dilepton signal. Some of these variants might indeed be relevant in the potential discovery of parity
restoration, if the recent observations from both CMS [714] and ATLAS [722] indicating a paucity of
`±`±jj events is confirmed in future collider data.

Let us consider pure right-handed current (RHC) signals for the process of Eq. (88). Here we
try to be as model independent as possible and we assume and discuss general left and right gauge
couplings gL, gR. We are testing effects of a heavy particle sector neglecting small heavy neutrino and
W±2 mixings with corresponding light SM states. In this way pure effects coming from right-handed
sector on the pp → lljj process are discussed [747]. It is also shown when mixings of heavy neutrino
states can be factored out.

RHC Lagrangian includes general couplings gL, gR, which are important for gauge couplings
unification [745, 748]

LL + LR =
gL√

2
ν̄aγ

µPL(UPMNS)ajljW
+
1µ +

gR√
2
Naγ

µPR(KR)ajljW
+
2µ + h.c. (91)

LL describes the SM physics of charged currents. It includes the neutrino mixing matrix UPMNS ,
responsible for neutrino oscillations phenomena. LR is responsible for non-standard effects connected
with heavy neutrinos Na and right-handed currents mediated by an additional heavy charged gauge
boson W2. KR defines a mixing matrix between flavour and massive heavy neutrino states. We assume
it unitary, for a discussion, see Ref. [747].

The main RHC Feynman diagram which gives the pp → lljj process comes through two W2

gauge bosons and heavy neutrinos Na in intermediate states, i.e. pp→W2 → Nal → llW2 → lljj.
For literature, see Refs. [688, 715, 729, 735–737, 739, 740, 745–747, 749–758]. This signal mimics the
signature of neutrinoless double beta decay when the two leptons are same-sign electrons.

To account lepton number violation, which might come if Majorana neutrinos are involved, we
use the following notation:

σ±±ij = σ(pp→ l±i l
±
j jj), (92)

σ±∓ij = σ(pp→ l±i l
∓
j jj). (93)

We collectively denote all these cross-sections by σij . The process depends on the gauge couplings gL
and gR, the quark mixing matrices UL,RCKM , which can be chosen of the same form [759, 760], the Parton
Distribution Functions (PDFs) fα(x,Q2) and the heavy neutrino mixing matrix (KR)aj , see Eq. (91).
The mass scales which are important for the process are: MW2 , MNa and

√
s. It can be shown, that quite

generally we have Γ(W2)/MW2 , Γ(Na)/MNa � 1 and the NWA can be used to compute σij [747,761].
When masses of heavy neutrinos are degenerate then dependence on the mixing matrix elements (KR)aj
can be factorized from the whole expression in the following way:

σ±±ij = σ̂±±
∣∣∣∣∣
∑

a

(K†R)ia(K
∗
R)aj

∣∣∣∣∣

2

, (94)
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Fig. 100: Examples of the neutrino mixing KR independent analysis. Left: The dependence of the total cross-
section σ̂ee = σ̂+−

ee + σ̂++
ee + σ̂−−ee on MW2 derived with the help of the MADGRAPH for

√
s = 8, 14, 100 TeV.

Heavy neutrino masses are MN1,3 = 5 TeV and MN2 = 10 TeV, while gL = gR. NWA is valid only in the region
in which MW2

> MN1,3
and MW2

is neither close to MNa nor to
√
s (where the distance is measured in Γ(W2)

units). Right: An example of fitting analytical formula (102) (blue dashed curves) to the numerical results (red
dots) obtained for

√
s = 8, 14 and 100 TeV, MN1,3

= 0.925 TeV, MN2
= 10 TeV with the help of the MadGraph

5 [111]. Values of the fitted parameters a, b, c and d are given in the main text, see eqs. (103)-(105).

σ±∓ij = σ̂±∓
∣∣∣∣∣
∑

a

(K†R)ia(KR)aj

∣∣∣∣∣

2

, (95)

where σ̂±±, σ̂±∓ are “bare” cross-sections calculated for (KR)aj = δaj , and

σ̂±± = σ(pp→W±2 )× BR(W±2 → N1l
±
1 )BR(N1 → l±1 jj), (96)

σ̂+− = [σ(pp→W+
2 ) + σ(pp→W−2 )]× BR(W+

2 → N1l
+
1 )BR(N1 → l−1 jj). (97)

These can be written as

σ̂ =
∑

αβ

1∫

M2
N1
/s

dx

1∫

M2
N1
/xs

dyfα(y,Q2)fβ(x,Q2)σ̂αβ(xys), (98)

where fα(x,Q2) are PDFs of partons α, while Q is a characteristic scale of partonic process. Finally,
σ̂αβ stands for partonic cross-section. Using the NWA one can write the “bare” cross sections in the
following form [761]:

σ̂ =
g2
Rπ

18s

FW (x1)

[18 +
∑
b

FW (xb)]

∑

αβ

Φαβ

(
M2
W2

s
,M2

W2

)
. (99)

Here, we have used differential parton-parton luminosities Φαβ(τ), see e.g. [762], defined as:

Φαβ(τ,Q2) =
1

1 + δαβ

∫ 1

τ

dx

x
fα
(
x,Q2

)
fβ

(τ
x
,Q2

)
(100)
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and

FW (x) = (2− 3x+ x3)θ(1− x). (101)

Let us shortly comment on the form of eq. (99). First, the typical asymptotic ∼ 1/s is clearly
visible. Second, note that σ̂ ∼ g2

R while one would rather expect σ̂ ∼ g8
R from counting powers of gauge

couplings entering matrix element corresponding to the process pp→ liljjj. That difference is no longer
surprising when one recalls that dominant contributions to the cross-section come from configurations in
which W2 and Na are nearly on-shell, what precisely corresponds to NWA. Finally, let us also remark
that the simple consequence of σ̂ ∼ g2

R is that the cross-section scales like (gR/gL)2g2
L.

It turns out that one can estimate the total cross-section σ̂ee = σ̂+−
ee + σ̂++

ee + σ̂−−ee under investi-
gation using naive approximation:

σ̂ee =
FW (x1)

1 + 1
18

∑
b FW (xb)

P (µ) , (102)

where µ = MW2/(1 TeV) while P (µ) = a(e−bµ + ce−dµ). For example, in the scenario in which
MN1,3 = 0.925 TeV, the values of fitted parameters a, b, c and d are (see Fig. 100):

(8 TeV) a = 0.18× 105 fb, b = 3.62, c = 0.002, and d = 2.17, (103)

(14 TeV) a = 1.32× 105 fb, b = 3.97, c = 0.016, and d = 1.92, (104)

(100 TeV) a = 5.40× 105 fb, b = 3.04, c = 0.020, and d = 0.94. (105)

Heavy neutrino masses are taken as in Ref. [747], though here the cross sections in Fig. 100 is
general and independent of the KR mixing matrix parametrization. For MN = 10 TeV the cross section
is already very small, at the ∼ ab level in a whole range of considered MW2 masses.

From this analysis we see that the pp → lljj process signal coming from right-handed currents
(RHC) is about two order of magnitudes larger at a 100 TeV collider compared to the LHC at 14 TeV and
the process can be parametrized in a simple way for MW2 ≥ MNi independently of the heavy neutrino
mixing scenarios. The background for the process depends on charges of dileptons. For the same l±l±

(LNV) and opposite l±l∓ (LNC) signal cases see, e.g., the discussions in Refs. [735, 741, 763, 764].
Further studies are needed to assess the potential for extracting signal from background at a 100 TeV
collider.

4.2 New Fermionic Resonances
4.2.1 Seesaw Leptons at Future Hadron Collider Experiments
As we already stressed in Section 4.1.9, collider tests of neutrino mass-generating offer a high degree of
complementarity to low energy probes like neutrinoless double-beta decay, and precision lepton exper-
iments. In particular, low energy realizations of fermionic Seesaw mechanisms predict EW- and TeV-
scale SU(2)L singlets (N) and triplets (T±, T 0) that couple to gauge bosons through mixing (singlet) or
directly via gauge quantum numbers (triplet).

If kinematically accessible, these particles can be resonantly produced in hadron collisions through
a variety of mechanisms. Fig. 101 shows LO and NLO production rates of a singlet neutrino for mN >
MW [765,766]. While Drell-Yan (DY) largely dominates at 14 TeV, the situation is qualitatively different
at 100 TeV, where the gluon fusion (GF) process

g g → N
(−)
ν` (106)

is the leading production mode for mN . 1.5 TeV [765]. Beyond this, vector boson fusion (VBF)

q γ
Wγ Fusion−→ N `± q′ (107)
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[691]; Right: sensitivity to N − µ mixing at a 100 TeV collider [691]. Both plots are in the Type-I Seesaw model.

is dominant. For mN ≈ 1 TeV, the GF, DY, and VBF mechanisms all share cross sections of the order
of 100 fb. In Fig. 77 we have already shown the NLO triplet pair production rates for both the charged
current and neutral current Drell-Yan processes [767, 768]

q q′ →W ∗ → T 0 T± and q q → γ → T+ T−. (108)

Compared to the 14 TeV LHC, the reach of a 100 TeV pp collider grows considerably from σ14 TeV = 1
ab for triplet masses mT ≈ 2.5 TeV to σ100 TeV = 1 ab for mT ≈ 10− 11 TeV.

We now briefly summarize preliminary discovery potential of Seesaw leptons at 100 TeV. We note
that model-independent benchmark searches are rather robust since it is straightforward to reinterpret
collider results for a particular neutrino flavor model.

A key prediction of Type I-based scenarios is the existence of lepton number violating interactions,
N → `±W∓, which implies the same-sign leptons collider signature [688] already discussed in Section
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4.1.9
q q′ → N `±1 → `±1 `±2 W∓ → `±1 `±2 j j. (109)

The largeness of the N`± VBF production cross section relative to the charged current DY process of-
fers considerable gain to inclusive searches for heavy Majorana neutrinos. Assuming currently allowed
mixing, a 5σ discovery can be made via the µ±µ± channel for mN = 1070 GeV at 100 TeV after 1
ab−1; conversely, N − µ mixing as small as Sµµ ≈ |VµN |2 . 8 × 10−5 may be probed [691]. In the
same-sign muon final state, the left panel of Fig. 102 shows the required luminosity for 3 (5)σ evidence
(discovery) as a function of mN assuming an optimistic (dash) and pessimistic (dash-dot) mixing sce-
nario; in the right panel of Fig. 102 the sensitivity to mixing between heavy neutrinos and muons flavor
states is shown. The Inverse Seesaw relies on an approximately conserved lepton number symmetry to
suppress the light neutrino masses and lower the seesaw scale while keeping large Yukawa couplings.
As a consequence, heavy neutrinos form pseudo-Dirac pairs and lepton number violating processes such
as the one in Eq. (109) are suppressed. In Ref. [769], a search relying on lepton flavor violating (LFV)
final states

q q′ → N `±1 → `±1 `∓2 W∓ → `±1 `∓2 j j , (110)

was proposed. The left panel of Fig. 103 shows the number of expected events for inclusive µ±τ∓jj
production. Similar numbers would be expected for the e±τ∓ analogue, while experimental limits on
µ → eγ [771, 772] severely limit the e±µ∓jj event rate. This assumes only the lightest pseudo-Dirac
pair is kinematically accessible, and uses the µX -parametrization [773] with a neutrino Yukawa coupling

Yν = f




−1 1 0

1 1 0.9

1 1 1


 . (111)

MR is defined as in Ref. [769] and can be interpreted as the seesaw scale. The mass of the heavy
neutrinos is equal to MR up to corrections proportional to Yνv/MR, explaining the difference at low
MR.

For masses well above the EW scale, triplet fermions preferentially decay to the Higgs and longitu-
dinal polarizations of the W and Z bosons, a manifestation of the Goldstone Equivalence Theorem. For
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Fig. 104: Left: Exclusion reach for a top partner T of electric charge 2/3; Right: same plot for an X5/3 of charge
5/3. The plots are obtained by assuming that future searches at 100 TeV will be sensitive to the same number of
signal events as the current 8 TeV ones. Namely, excluded signal yields Sexc ' 25 and Sexc ' 10 are assumed for
the T and the X5/3. Signal selection efficiencies are also extracted from 8 TeV results. In the case of the single
production mode, for which no dedicated searches are currently available, the efficiency (es.p.) is taken equal to
the pair production one for simplicity. Further details can be found in Ref. [774].

EW boson decays to jets or charged lepton pairs, heavy lepton pairs can decay into fully reconstructible
final-states with four jets and two high-pT leptons that scale like p`T ∼ mT /2:

T 0T± → ``′ +WZ/Wh → ``′ + 4j / 2j + 2b , (112)

T+T− → ``′ + ZZ/Zh/hh → ``′ + 4j / 2j + 2b / 4b . (113)

Assuming a nominal detector acceptance and efficiency of A = 0.75, at 100 TeV and after 10 fb−1, a
5σ discovery can be achieved for mT ≈ 1.4 − 1.6 TeV [767]. Taking instead A = 1.0, The right panel
of Fig. 103 shows the discovery potential of the combined charged current and neutral current processes.
After 3 ab−1, there is 5 (2)σ discovery (sensitivity) up to mT ≈ 6 (8) TeV.

4.2.2 Fermionic Top Partners in Composite Higgs Models
An 100 TeV collider can probe models with a terrific amount of Electro-Weak fine tuning. Even if none of
these models had to be discovered, the result will be extremely informative as it will strongly disfavour (or
exclude) a Natural origin of the Electro-Weak scale, pushing us towards the investigation of alternatives.
We illustrate this point by estimating the reach, in terms of exclusions, for vector-like coloured fermions
with a sizeable coupling to third-generation quarks, the so-called “top partners”. Top partners are a
common prediction of composite Higgs models in which the partial compositeness paradigm is assumed
for the generation of fermion masses (see, e.g., Refs. [613,614] for a review). In these models, their mass
M is directly related to the amount of fine-tuning ∆ according to the approximate formula

∆ ∼
(

M

500 GeV

)2

. (114)

Top partners are coloured, thus they are unmistakably produced in pair by QCD interactions. They
are also endowed with a sizeable coupling to third generation quarks and SM vector bosons or Higgs.
The latter coupling is responsible for their decay, but also for their single production in association with
a forward jet and a third generation quark. Exclusion contours are displayed in Fig. 104, in the plane
defined by the top partner mass and its single production coupling. Top partners of electric charge 2/3
(and BR(Wb) = 0.5, which is typical for a SM singlet) and 5/3 are shown, respectively, in the left and
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right plots. The results are based on a rough extrapolation based on current LHC Run-I limits and details
are reported in the figure caption and, more extensively, in Ref. [774]. A partial confirmation of the
validity of the extrapolation, based on 100 TeV simulations, can be found in Ref. [775].

The result is that top partner masses of around 9 TeV can be excluded at an 100 TeV collider
with 10 ab−1 luminosity in a completely model-independent way (i.e., for vanishing single-production
coupling). According to Eq. (114), this corresponds to ∆ ∼ 300. For composite Higgs models that
cannot be excluded at the LHC, namely for ξ = v2/f2 = 0.05 or ξ = 0.01, single production couplings
of order c ' 0.2 or c ' 0.1 are expected [774] and the reach considerably increases.

4.2.3 Exotic Quarks in Twin Higgs Models: Displaced Decays in Association with a Prompt tt̄ Pair
Models of “neutral naturalness”, where the top partners do not carry SM color, provide a new set of
signatures at hadron collider experiments. Since the low-energy connection between the SM and the
sector that stabilizes the weak scale is feeble, the decays of the lightest BSM particles into the SM typi-
cally have macroscopic lifetimes, leading to displaced signatures. These challenging signals, combined
with the low production rates of uncolored particles, imply that it is not unconceivable that a neutrally
natural theory with a fine-tuning of O(10)% may completely escape detection at the LHC. However,
a general feature of this class of models is that they only solve the little hierarchy problem, and thus
require UV completion at a relatively low scale of at most ∼ 10 TeV. The particles belonging to the UV
theory would likely become accessible at a future 100 TeV collider, thanks to the high partonic energies
available, allowing the future collider to probe an entirely new set of experimental signals. In this sub-
section, following Ref. [776], we begin the identification of the signatures of UV completions of neutral
naturalness, by considering its prime example, the Twin Higgs [777], as benchmark model.

In the Twin Higgs, all the new particles lighter than about a TeV are complete SM singlets. How-
ever, the model requires to be extended below ∼ 10 TeV, to remove residual logarithmic divergences.
In non-supersymmetric UV completions, new exotic fermions charged under both the SM and the twin
gauge symmetries must accompany the top quark. Their masses are expected to be in the 1-10 TeV
range. Some of these new fermions carry SM color, and would therefore be pair produced with large
rates at a 100 TeV collider. Once produced, each of these “exotic quarks” decays into a SM top quark
plus twin particles. Some of the twin particles can decay back to the SM with long lifetimes, giving rise
to spectacular displaced vertices in combination with the prompt tt̄ pair. Therefore, the signatures we
consider are, labeling the exotic quarks as T ,B,

pp → (T → tẐ)(T → t̄Ẑ) → tt̄ + twin hadrons , twin hadron → displaced signal ,

pp → (B → tŴ )(B → t̄Ŵ ) → tt̄ + twin leptons , twin lepton → displaced signal ,
(115)

where Ẑ, Ŵ are the twin gauge bosons (we denote all the twin particles with a hat).

We consider the “fraternal” version of the Twin Higgs, inspired by naturalness, where only the
third generation SM fermions acquire a twin partner [523]. Therefore the twin hadrons in eq. (115) are
produced by the Ẑ → b̂

¯̂
b decay, followed by twin hadronization. Depending on the parameters, the long-

lived twin hadron can be either a CP -even scalar meson χ̂b0, a vector meson Υ̂ or a glueball Ĝ0++ . The
χ̂b0 and Ĝ0++ decay through mixing with the 125 GeV Higgs and therefore primarily into bb̄, whereas the
Υ̂ decays via photon kinetic mixing and thus almost democratically into all the SM electrically charged
particles. The corresponding proper decay lengths are [523, 776]

cτχ̂b0 ' 3.8 cm
(
mb

mb̂

)2( f

1 TeV

)4(5 GeV
Λ

)5

,

cτΥ̂ ' 1.3 cm
( mÂ

100 GeV

)4
(

10−3

ε

)2(
5 GeV

Λ

)5

, (116)
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cτĜ0++
' 1 cm

(
5 GeV

Λ

)7( f

1 TeV

)4

,

where the benchmark value of the Z2-breaking scale f ensures that Higgs coupling deviations are too
small to be detected at the LHC. The choice of twin-QCD confinement scale Λ is instead motivated by
naturalness arguments [523]. For ε, which determines the size of the kinetic mixing between the twin
photon (with mass mÂ) and SM photon, we use the value naturally generated by exotic quark loops. In
our study we kept most of the above parameters fixed to the benchmark values of Eq. (116), except for
the mass of the b̂ quark. As a consequence, the typical decay lengths that we consider are as follows:
the proper lifetime of χ̂b0 approximately varies from 1 cm to 10 m, whereas the Υ̂ and Ĝ0++ have
centimeter-scale decays.

For the hadronic (bb̄) displaced decay search, the detector is modeled, following the ATLAS
searches of refs. [778, 779], as the sum of two annuli with radii 1 < r < 28 cm and 200 < r < 750
cm, representing the inner detector (ID) and hadronic calorimeter plus muon spectrometer, respectively,
with an efficiency for displaced vertex (DV) identification equal to a constant 10%. In the search for
Υ̂ decays we concentrate on dimuon DVs in the ID, which is modeled, following the CMS search of
Ref. [529], as an annulus with radii 1 < r < 50 cm and efficiency for DV identification equal to a
constant 50%. In addition, simple cuts are applied directly on the twin hadrons, to roughly reproduce
reasonable experimental requirements.

The combination of the prompt tt̄ and displaced signal ensures a straightforward triggering, and
is expected to remove completely the SM background. Then, assuming no events are observed, a signal
hypothesis can be excluded at 95% if it would predict more than 3 events. The projected reach of the
displaced twin hadron + tt̄ search at a 100 TeV collider is shown in Fig. 105, assuming an integrated
luminosity of 1 ab−1. The sensitivity extends up to mT ∼ 11 TeV. For comparison, we also show the
estimated reach obtained from the search for direct stop production [780], which is sensitive to the exotic
quarks if all the produced twin particles leave the detector as missing energy. We find that the potential of
the search for tt̄+displaced signals can be significantly superior. Estimates for luminosities different from
1 ab−1 can be obtained by assuming that the signal rate scales with the partonic luminosities. This is a
reasonable first approximation, because at large mT the exotic quark branching ratios are approximately
independent of the mass, and the variation of the typical twin hadron boost factor gives subdominant
effects.

The twin leptons are produced in the decay of the twin W boson, Ŵ → ˆ̀̀̂ (since we assume
twin electromagnetism is broken, for our purposes the distinction between twin tau and twin neutrino is
irrelevant, so we simply denote all twin leptons by ˆ̀). The twin leptons can mix with the SM neutrinos
and thus effectively behave as sterile neutrinos, decaying into either three SM leptons or one SM lepton
and a pair of quarks. As a consequence, both hadronic and leptonic displaced decay searches are relevant.
The proper decay length is given by

cτˆ̀ = 10 cm

(
10−3

sin θν

)2 ( mˆ̀

6 GeV

)5
. (117)

where sin θν controls the ˆ̀-ν mixing. In the range of parameters we consider, the lifetime varies from 1
cm to 10 m. The simulation of the twin lepton signals is described in detail in Ref. [776]. Here we only
observe that the twin leptons are very boosted, and thus their decay products are very collimated, with
typical angular separation of ∆R ∼ O(0.01). Therefore searches for lepton jets [530] play an important
role.

The projected reach of the displaced twin lepton + tt̄ search at a 100 TeV collider with 1 ab−1 is
shown in Fig. 106, again under the assumption of zero SM background. The sensitivity extends up to
mB ∼ 11 TeV, with hadronic displaced signals more promising due to the larger branching ratio of ˆ̀

into quarks. To compare the reach of the twin hadron and twin lepton signals, it is useful to recall that
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Fig. 105: Projected bounds on the mass of the exotic quark T from the twin hadron displaced signal at a 100 TeV
collider. The orange and blue curves correspond to the tt̄+displaced twin hadron signals. Also shown are the
bounds from top partner (dot-dashed light blue lines) and stop (dotted black lines) searches.

mT ' (m2
B + y2

t f
2/2)1/2, therefore the T and B are approximately degenerate for masses much larger

than 1 TeV.

To summarize, we presented a first study of displaced decays produced in association with a
prompt tt̄ pair at a future 100 TeV collider. Both hadronic and leptonic displaced signals were con-
sidered. The presence of the decay products of the tops guarantees triggering, and is expected to remove
completely the SM background. This signature can arise, for example, from exotic quarks that appear in
several UV completions of Twin Higgs models. We estimated that a 100 TeV collider with 1 ab−1 will
be able to probe these new fermions up to masses of ∼ 11 TeV, thus providing a strong test of the most
motivated region of parameters.

4.2.4 Probing Naturalness Model-Independently at a 100 TeV Collider
One of the primary goals of the current and future collider program is to search for new physics associated
with the stabilization of the electroweak scale. In symmetry-based solutions to the hierarchy problem,
the large quantum corrections to the Higgs scalar from the top quark must be canceled by “top partners,”
new states with couplings related by symmetry to that of the top quark. In traditional theories such as
minimal supersymmetric or composite Higgs models, these top partners carry SM color charge like the
top quark and are copiously produced at hadron colliders. In this broad class of models, searches for
new colored particles directly probe electroweak naturalness. Placing the top partner mass beyond the
LHC reach of ∼ 1 TeV already implies a tuning in the Higgs mass of at least a few percent; searches
for colored particles at a 100 TeV collider would probe even more parameter space, with a null result
worsening the tuning.

However, al already mentioned earlier in this report, it is possible to formulate theories of “neutral
naturalness” in which the top partners do not in fact carry SM color charge. This can be achieved if
the symmetry which protects the Higgs is discrete and does not commute with SM color. Known exam-
ples include the folded SUSY [782] and Quirky Little Higgs [783] models in which the top partners carry
electroweak charge but not color, and the Twin Higgs [777] in which the top partners are completely neu-

144

CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

584



Fig. 106: Projected bounds on the mass of the exotic quark B from the twin lepton displaced signal at a 100 TeV
collider. The blue solid lines correspond to hadronic displaced searches and the brown dashed lines to leptonic
displaced searches. Left: sin θν = 10−3; Right: sin θν = 3 · 10−4.

tral under the SM gauge forces. In these models therefore searches for new colored or even electroweak
charged particles do not directly constrain naturalness. While specific neutral naturalness models pro-
posed thus far predict various other new physics signatures (see e.g. [524, 524, 776, 784–786]), it is not
obvious whether or not future collider experiments can robustly constrain neutral naturalness– i.e., is
there a “no-lose theorem” indicating that the physics behind electroweak naturalness will be observable?

In Ref. [781], this question was addressed by exploring neutral top partner models using a bottom-
up, effective field theory (EFT) approach. Model-independently, a 100 TeV hadron collider would be
able to directly probe the interaction of neutral top partners with the Higgs to a modest degree. The top
partners can be directly pair-produced through off-shell Higgs bosons, however because these neutral
partners may be invisible to detectors this is a challenging signal, requiring the identification of initial
state radiation or forward jets recoiling off of missing energy [407, 787]. In typical neutral naturalness
models, such direct searches can probe masses up to ∼ 300 GeV [407, 781]. Additionally, measure-
ments of double Higgs production at a 100 TeV [182, 183, 788] may be able to probe the loop-induced
corrections to the triple Higgs coupling for similar top partner masses.

However, the true power of a 100 TeV collider for probing neutral naturalness is its unprecedented
reach in energy. As argued in Ref. [781], a common feature of all neutral top partner EFTs is the need
for a UV completion of the top partner dynamics [789–795], typically at a scale about a loop factor
above the top partner mass, e.g. ∼ 10 TeV. This defines a new energy scale at which further new
states must appear, likely carrying SM color charge. (In the case of known Twin Higgs theories this
is the scale at which colored squarks or resonances appear.) As demonstrated explicitly in Ref. [776],
a 100 TeV collider can allow access to these high mass states which are a necessary component of
neutral naturalness. The resulting constraints on theory are complementary to those from precision
measurements of Higgs properties, which can be achieved at future lepton colliders.

Applying this reasoning to EFT scenarios for Neutral Naturalness, Ref. [781] found model-
independent arguments regarding the extent to which naturalness would be tested by results from future
colliders. To cover the full range of possible neutral naturalness scenarios, all perturbative neutral top
partner structures had to be classified, including those which have yet to be realized in a top-down theory.
These include scalar top partners with direct couplings to the Higgs, as well as fermionic top partners
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Fig. 107: Model-independent sensitivity estimate of future lepton and hadron colliders for theories of Neutral
Naturalness, with three fermionic top partners of massmT , and a single scalar mediator coupling to the top partners
with Yukawa coupling ySTT . mT & 500 GeV leads to tuning worse than 10% due to incomplete cancellation of
the top loop. Green horizontal line: prediction for ySTT in the Twin Higgs model. Red shading: reach of future
lepton colliders from precision Higgs coupling measurements. Black contours: additional tuning due to the scalar
mediator that can be probed by a 100 TeV collider via direct searches, assuming a mass reach for UV completions
up to ∼ 20 TeV. Requiring both top partner and mediator tunings to be better than 10% requires either high-scale
direct production signals at 100 TeV, or Higgs coupling deviations at lepton colliders, or both. See text and [781]
for details.

which must couple to the Higgs via some additional mediator states. In all cases the top partner EFTs
must be completed by further new physics at some UV scale Λ, e.g. to regulate the divergences of the
new scalar particles. Reference [781] makes the assumption that at or below the scale Λ new colored
particles appear, as is realized in all neutral naturalness models known so far [789–795], so that new
states will be discovered if Λ . 10− 20 TeV. The constraints on these models from both direct probes
of the top partner interactions as well as the reach of a 100 TeV collider for new states at Λ was analyzed.
In all cases, it was found that untuned models always lead to observable new physics at future colliders,
as long as the top partner sector had a similar number of degrees of freedom as the top quark sector.

A representative example of these methods is provided by the case of fermionic top partners T
interacting through one or more scalar mediators S, as shown below.

H† H

T̄ T

S

µHHS

ySTT

−→ H† H

T̄ T

MT

1/M ′

Integrating out the heavy scalar(s) leads to the |H|2T̄ T effective interaction, which cancels the quadrati-
cally divergent top loop at low scales. SUSY Twin Higgs theories [793,795] are top-down models falling
into this category, though the EFT approach applies more generally. In this class of models the Higgs
mixes with the singlet scalar mediator, producing deviations in the effective Higgs coupling which can
be probed most effectively at lepton colliders, see red shading in Fig. 107. In the Twin Higgs model,
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the “unavoidable tuning price” the theory has to pay in order to avoid detection at both future lepton and hadron
colliders. The black (orange) curves assume that the 100 TeV collider can probe UV completions at∼ 20 (10) TeV.
Dashed curves: combines independent tunings multiplicatively, i.e. ∆ =

∏
i ∆i. Solid curves: only considers the

most severe of several independent tunings, i.e. ∆ = Min{∆i}. Natural theories where the number of top partners
is not large have to produce signals at the 100 TeV collider, future lepton colliders, or both. See text and [781] for
details.

this allows TeV-scale top partners to be detected. On the other hand, light top partners could escape
detection in the fully model-independent case if ySTT is large. In order for this to be natural, the UV
completion scale would have to be quite low. Since the 100 TeV collider can probe UV completions up
to ∼ 10 TeV, these natural theories will lead to direct production of new states. The black contours in
Fig. 107 show the additional tuning suffered only due to the singlet mediator, if the UV completion scale
is high enough to avoid direct production of new states at a 100 TeV collider. This effectively probes
large values of ySTT in natural theories inaccessible to lepton colliders. Combined with the requirement
that top partners not be much heavier than 500 GeV to avoid incomplete cancellation of the top loop, it
leads to the conclusion that every natural theory with SM-charged states at the UV completion scale can
be discovered.

This argument generalizes beyond the canonical case of three top partners (Nf = 3) and one scalar
mediator (Ns = 1). More generally, one can define an unavoidable tuning price that a theory of Neutral
Naturalness has to pay in order to avoid both Higgs coupling deviations at lepton colliders and direct
production of new states at 100 TeV. This is shown as a function of (Nf · Ns) in Fig. 108. Natural
theories where the number of top partners is not large have to produce signals at the 100 TeV collider,
future lepton colliders, or both.

Different tuning arguments have to be constructed for different scenarios of Neutral Naturalness
(e.g. scalar top partners), but the principle of the argument remains the same, as do the conclusions. Com-
bining the results for all top partner scenarios, Ref. [781] finds that neutral naturalness models are gener-
ically observable at future colliders unless they are tuned at the∼ 10% level or worse. Within the above-
mentioned assumptions this provides a “no-lose theorem” for future colliders as model-independent
probes of naturalness. Avoiding this result by violating requires very exotic model-building, such as
extremely large top partner multiplicity, or solutions to the hierarchy problem not based on symmetry at
all (e.g. [55, 796, 797]). Results from future colliders will therefore provide a qualitative advance in our
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understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

4.3 Non-Resonant Signatures
4.3.1 Measuring Top Couplings via tW/tZ Scattering
Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweak Z gauge boson have been
directly probed, in tt̄Z production at the LHC [798], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below 100% [799]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in Ref. [800] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such as tW → tW , grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent of WW scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [801], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [802].20

As shown in Fig. 109, tW scattering participates in the process pp→ tt̄Wj, giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at 100 TeV would significantly profit
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production of pp →
tt̄W+0(1) jets, which arises at O(g

2(3)
s gw) and has a cross section σQCD ≈ 25 pb. The signal arises

at O(gsg
3
w), with a cross section σEW ≈ 4 pb (cross sections computed at LO with MadGraph5 [370]

and a custom FeynRules [94] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of ≈ 0.7 pb and ≈ 0.06 pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the final state
particles.

Let us be specific and focus on the Z coupling to the right-handed top quark,

cR gZtRtR t̄RγµtRZ
µ , (118)

where gZtRtR = −2
3(gs2

w/cw) and cR = 1 in the SM. The effect on this coupling from heavy new
physics can be effectively parametrised by the dimension-6 operator [800]

ic̄R
v2
H†
←→
DµHt̄Rγ

µtR , (119)

and gives rise to a deviation from the SM, cR − 1 = 3
4 c̄R/s

2
w, of an expected size c̄R ∼ g2

∗v
2/Λ2,

where Λ is the mass of the resonance that has been integrated out, and g∗ its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitude tW → tW grow with energy. The leading
divergence is given by

M = − g2

2m2
W

√
ŝ(ŝ+ t̂) c̄R +O(

√
ŝ) . (120)

The high energy behaviour of this amplitude has been explicitly shown in Ref. [800].

Here we directly focus on the effects that such a high energy growth has on the kinematical vari-
ables associated with tt̄Wj production. In particular, for a sizeable c̄R the particles that participate in
the strong scattering, the W and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig. 110, where we show the (normalized) distribution

20Indeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [615] could potentially be exchanged in tW scattering.
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Fig. 109: Feynman diagram for the tW → tW scattering in pp collisions. Anomalous top couplings lead to the
final tW pair having large invariant masses, providing a unique handle to identify the signal.

Fig. 110: Invariant mass distributions for the tt̄Wj electroweak production at a 100 TeV collider. We applied
some benchmark cuts (inset top-right) on the tops and the W , specifically on the transverse momentum (pT ),
pseudorapidity (η), and invariant mass (m).

of events in a 100 TeV collider as a function of the maximum invariant mass between the pairs tW and
t̄W , for the set of cuts shown in the legend.21 The events in the presence of anomalous ZtRtR couplings
are typically harder than in the SM (c̄R = 0). The power of a 100 TeV collider in performing this type of
“precision” probes of the top couplings is apparent once we notice that the values of c̄R used for the dis-
tributions are an order of magnitude smaller than those that the LHC will be able to probe after 300 fb−1

of integrated luminosity (c̄R ≈ 0.3 [800]). Awaiting for a detailed study, the improvement in sensitivity
can be estimated by assuming that the a 100 TeV collider will be able to measure cross sections with
absolute uncertainties at the same level as at the LHC (a sensible assumption given L = 10 ab−1), but
for energies a factor

√
s100 TeV/s13 TeV = 100/13 ≈ 8 larger. Recalling that the new physics effects we

are interested in grow as c̄Rŝ (see Eq. (120)), we can then expect to probe at a 100 TeV collider values of
c̄R at the per cent to per mille level (similar conclusions hold for the couplings of the left-handed top).

It is conceivable then that through a careful study of pp → tt̄Wj production, a 100 TeV collider
would be able to greatly improve our sensitivity to new physics modifying the top-Z couplings. Further-
more, as explained in Ref. [800] this is not the only process which shows a strong high energy behaviour

21One should be aware that at a 100 TeV collider and for large invariant masses there could be large logarithms arising from
the collinear singularity of the gluon splitting. These have been partly tamed by cutting on the pT of the tops.
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in the presence of non-standard top couplings. One prominent example is tZ → th scattering, identified
through tt̄h+jets production, which would also constitute an important (and complementary) probe of
the nature of the top-Higgs sector using a 100 TeV collider.

4.3.2 Running Electroweak Couplings as a Probe of New Physics
In this report has clearly emerged how a future 100 TeV collider can improve in the production of heavy
states. However, we will now argue that there are also novel opportunities for precision studies that could
uncover new light (relative to

√
s) states indirectly. In particular, any new states interacting with gauge

bosons will impact how the associated gauge couplings evolve with energy, thereby providing a model-
independent handle on their existence provided sufficiently clean channels involving these couplings can
be identified and studied experimentally. Such a possibility has been demonstrated for electroweak (EW)
processes [469] to be discussed below, with similar applications possible in the colored sector of the the-
ory [803,804]. Analogous possibilities are also familiar from precision studies at LEP, where constraints
on new heavy fields could be applied through accurate determination of the Z boson properties via the
modification of gauge boson propagators by new states.

Many theories extending the SM introduce several new states coupling to weak gauge bosons,
potentially making them promising cases for such indirect tests. Moreover, the model-independence of
this setup amounts to an insensitivity to how these new states may decay, thereby opening the possibility
of inferring the presence of new physics that may be difficult to discover directly due to reduction of
conventional handles (as is the case with reduced missing energy in supersymmetry (SUSY) for com-
pressed spectra [58, 805] or in models of Stealth SUSY [59]) or due to increased backgrounds. The
evolution of EW gauge couplings is fully determined within the SM: the coupling α1 grows in the UV
while α2 decreases as shown in Fig. 111. At energies above the mass of any charged particles extending
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Fig. 111: Evolution of the two EW gauge couplings within the SM (solid lines) and in the presence of new states
of the MSSM (dashed lines). Shown are the contributions to running of α2 from the presence of a triplet fermion
(wino), and to the running of α1 in the presence of three SU(2)L singlet scalars of hypercharge 1 (right-handed
sleptons); each are shown assuming the new states entering at either 200 GeV or 1 TeV. Figure from [469].

the SM, however, this behavior can change: new fields contribute to the beta functions at scales above
their masses, such that the asymptotic freedom of α2 may no longer persist. Indeed in the minimal super-
symmetric Standard Model (MSSM) the sign of α2’s beta function is flipped once all superpartners are
included, such that above that threshold the coupling will increase in the UV. Even the qualitative running
behavior can thus serve as a consistency check of the SM itself, or as an indirect probe of new fields if
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they exist. As indicated in Fig. 111, however, deviations in the running coupling are typically of order
1% after a decade of running in the presence of an isolated new state of the MSSM. As such, percent-
level experimental precision is needed in order to assess cases in which beta functions are modified by a
single field at a given threshold.

Experimental sensitivity to the running of α1,2 relies on minimizing uncertainties in the pro-
cess under examination. Statistical uncertainties are minimized by identifying a process whose cross-
section remains sizable at high energy; theoretical uncertainties are minimized for processes that are
well determined theoretically; and experimental uncertainties are minimized for processes that are suf-
ficiently clean. Drell-Yan (DY) processes proceeding through neutral and charged currents satisfy these
three criteria. At hadron colliders, both α1 and α2 can thus be sensitively probed with the (neutral
current) process pp → Z∗/γ∗ → `+`−, while α2 is constrained with the (charged current) process
pp → W±∗ → `±ν [806]. Modifications to the running of α1,2 may be observed in the shape of the
dilepton invariant mass spectrum in the neutral current case, while in the charged current case the shape
of the transverse mass spectrum is modified:

dσ
dM``

(pp→ Z∗/γ∗ → `+`−) ≡ dσZ/γ

dM``

(
α1,2(Q = M``)

)
(121)

dσ
dMT

(pp→W ∗ → `ν) ≡
∫ ∞

MT

dM`ν
dσW

±

dMT dM`ν

(
α2(Q = M`ν)

)
. (122)

Thus both effects rely on the fact that the couplings are evaluated at a scale, Q, corresponding to the
invariant mass of the final state.

The main uncertainties impacting the precision with which final state distributions of DY processes
can be used to constrain running couplings are statistical, theoretical (scale and PDF), and experimental.
Statistical uncertainties are sufficiently small, for an integrated luminosity of 3 ab−1 at 100 TeV, assum-
ing final states with M``,M`ν . 3 TeV. At these energies, theoretical uncertainties entering through
scale and PDF are . 1 − 2%, determined using the generators DYNNLO and FEWZ [807–812] with the
NNPDF2.3 PDF set [675]. Finally experimental uncertainties are assumed to be similar to those of the
LHC, where neutral current DY measurements at 7 and 8 TeV indicate uncorrelated uncertainties again
at the level of 1 − 2% [813–815]. Treating these uncertainties accordingly, the significance with which
a 100 TeV collider is indirectly sensitive to typical SUSY states is as shown in Fig. 112. Shown is also
a comparison to how well the 14 TeV LHC can perform analogous measurements assuming the running
of α2 is as in the MSSM.

A general treatment can be carried out by comparing sensitivity to states of a mass, M , with
contributions ∆b1,2 to the two EW gauge couplings. At the leading log level, this parameter space
depends only on the representation (charge) of the new states; dependence on the spin of the new states
enters through their finite contribution to gauge boson propagation, which must be accounted for only in
higher order matching. Thus working at leading log level, results are as shown in Fig. 113 for current
and future runs of the LHC, together with comparisons to what can be gained at 100 TeV and to what
is learned through precision studies at LEP where new physics effects could be observed through the
presence of higher dimension operators that may be generated upon integrating out heavy states.

The effect of systematic uncertainties on the sensitivity of hadron colliders in extracting running
coupling information is a crucial consideration of this program. Fig. 114 shows how the reach of the
LHC and of a 100 TeV machine respond to varying these uncertainties, taking sensitivity to the sign
of β2 and to the presence of a wino or the full MSSM as examples. A change in sign of β2, as would
be obtained with the MSSM contributing to the running, can be probed at the 3σ level between LHC
and a future 100 TeV collider even as systematic uncertainties approach the 10% level. The effect of
varying scale choice, taking M`ν/2 ≤ Q ≤ 2M`ν as the scale at which the EW couplings are evaluated,
is shown for the case of a wino or the full MSSM contributing to β2: this has the effect of varying the
pertinent thresholds that can be constrained within about a factor of four. This analysis is all carried out
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Fig. 112: Sensitivity to new states contributing to the running of SU(2)L. Left: Sensitivity at 100 TeV and its
combination with the LHC to Higgsinos, wino, and a 5 of SU(2)L. Right: Sensitivity of the same machine(s) to
the entire MSSM entering the running of α2. Figures from [469].

0.1 0.2 0.5 1.0 2.0 5.0 10.00

2

4

6

8

10

12

14

M @TeVD

D
b 2

SUH2L limits from Z*êg*
CMS
7 TeV

LEP

8 TeV

14 TeV
300 fb-1

14 TeV
3000 fb-1

100 TeV

LHC +100 TeV

0.1 0.2 0.5 1.0 2.0 5.0 10.00

10

20

30

40

M @TeVD

D
b 1

UH1LY limits from Z*êg*
CMS
7 TeV

LEP

8 TeV

14 TeV
300 fb-1

14 TeV
3000 fb-1

100 TeV

LHC +100 TeV

0.1 0.2 0.5 1.0 2.0 5.0 10.00

2

4

6

8

10

12

14

M @TeVD

D
b 2

SUH2L limits fromW*

CMS
7 TeV

LEP

8 TeV

14 TeV
300 fb-1

14 TeV
3000 fb-1

100 TeV

LHC +100 TeV

0.1 0.2 0.5 1.0 2.0 5.0 10.00.2

0.5

1.0

2.0

5.0

10.0

20.0

M @TeVD
D
b 2

W* limits, varying uncertainties

CMS
7 TeV

LEP
14 TeVH300 fb-1L

PDF
+
scale

scale

100 TeV

PDF
+
scale

scale

Fig. 113: Sensitivity of past, current, and future colliders to generic new states of mass M contributing to beta
functions of the EW gauge group. Left: results for states charged under hypercharge, determined through neutral
current DY. Right: results from SU(2) representations using charged current DY.

at leading log order in the EW couplings, and thus the uncertainty band coming from scale choice may
be significantly reduced by carrying out a higher order calculation of these processes. Taking the central
scale choice as the fiducial value, a 100 TeV machine can thus provide indirect sensitivity to the presence
of a wino up to masses ≈ 1.5 TeV and of the MSSM up to ≈ 3.5 TeV.
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Abstract
The Future Circular Collider (FCC) Study is aimed at assessing the physics
potential and the technical feasibility of a new collider with centre-of-mass
energies, in the hadron–hadron collision mode, seven times larger than the
nominal LHC energies. Operating such machine with heavy ions is an option
that is being considered in the accelerator design studies. It would provide, for
example, Pb–Pb and p–Pb collisions at

√
sNN = 39 and 63 TeV, respectively,

per nucleon–nucleon collision, with integrated luminosities above 30 nb−1 per
month for Pb–Pb. This is a report by the working group on heavy-ion physics
of the FCC Study. First ideas on the physics opportunities with heavy ions
at the FCC are presented, covering the physics of the Quark–Gluon Plasma,
of gluon saturation, of photon-induced collisions, as well as connections with
other fields of high-energy physics.
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1 Executive summary
A five-year international design study called Future Circular Collider (FCC) has been launched by CERN
in February 2014 [1, 2]. The main goal is to assess the feasibility and physics potential of a hadron
collider with a centre-of-mass energy

√
s of 100 TeV for pp collisions in a new 80–100 km tunnel near

Geneva. The starting date is targeted for 2035–40. Operating such machine with heavy ions is part of
the accelerator design studies.

For a centre-of-mass energy
√
s = 100 TeV for pp collisions, the relation

√
sNN =√

s
√
Z1Z2/A1A2 gives the energy per nucleon–nucleon collision of

√
sNN = 39 TeV for Pb–Pb

(Z = 82, A = 208) and 63 TeV for p–Pb collisions. The present estimate of the integrated lumi-
nosity for Pb–Pb collisions results in about 33 nb−1 per month of running, which is more than an order
of magnitude larger than the current projection for the future LHC runs [3, 4].

The increase in the centre-of-mass energy and integrated luminosity with respect to the LHC
opens new opportunities for physics with heavy ions. This report summarises the projected machine
performance and the physics opportunities for a nuclear beam programme at the FCC. We point out
the existence of an ongoing design study by the Chinese community for a machine similar to the FCC
but with smaller circumference and centre-of-mass energy [5]. The hadronic machine is called SppC
and the centre-of-mass energy for Pb–Pb collisions would be

√
sNN ∼ 20–30 TeV. A report on heavy-ion

studies at SppC was recently published and includes several projections and ideas on high-energy nuclear
physics in the multi-TeV domain [6].

At the time of writing this report, the physics community still looks ahead to more than one decade
of experimentation with nuclear beams at the LHC. Our understanding of most of the measurements
discussed in this report is likely to evolve significantly in the coming years in the light of future LHC data
and further advances in theory. In this sense, many of the basic motivations for a heavy-ion programme
at the FCC are the basic motivations for continuing the heavy-ion programme at the LHC or they arise
naturally from it.

There is by now ample historical evidence that an order of magnitude increase in energy or lumi-
nosity of heavy-ion collisions advances significantly our understanding of the nature of the hot and dense
QCD matter produced in these collisions, denoted Quark–Gluon Plasma (QGP), and that it can lead to
unexpected discoveries. While unexpected discoveries, by their very nature, cannot be anticipated in a
working group report (despite being one major motivation for exploring a previously-uncharted energy
range with nuclear beams), we focus here mainly on those fundamental questions about the nature of
QCD matter at high temperature and density for which we expect qualitative advances from the FCC.
Our study is not exhaustive, but it aims at supporting with a selected set of arguments and proposed
measurements the following main motivations for a heavy-ion programme at the FCC:

1. FCC provides novel access to QCD thermodynamics and QCD equilibration processes
Substantially increasing the centre-of-mass energy leads to the creation of initially denser and
hotter systems that expand for a longer duration and over a larger volume, thereby developing
stronger collective phenomena. Beyond expected quantitative gains, this may bring novel
qualitative phenomena into experimental reach. For instance, FCC energies target an interesting
transition region in energy density above which charm quarks start counting towards the thermal
degrees of freedom, thus playing a novel role in QCD equilibration processes. Also, the√
s-dependent increase in event multiplicity combined with sufficient integrated luminosity will

allow for the systematic study of flow-like features in smaller collision systems (including pp and
pA collisions), and it will facilitate the characterisation of important signatures of collectivity
on the level of single events rather than event samples only. This opens novel opportunities for
understanding the equilibration processes that lead to hydrodynamization and thermalization in
the non-abelian quantum field theory QCD. These opportunities are discussed in Section 3.
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2. FCC allows for an unprecedented characterisation of dense QCD matter with hard processes
In heavy-ion collisions, hadronic high-transverse-momentum (pT) processes are known to show
strong medium-induced modifications, often referred to as jet quenching, up to the highest trans-
verse momenta O(100 GeV) explored at the LHC so far. These jet quenching measurements char-
acterize transport properties of the dense QCD matter through which the hard partons propagate
and they allow one to follow experimentally how a probe that is initially far out-of-equilibrium
evolves towards equilibrium. As detailed in Section 4, the increase in energy and integrated lu-
minosity at FCC will provide much larger abundance of hard processes than at LHC, as well as
the access to qualitatively-novel hard probes that are measurable at FCC only. A remarkable ex-
ample is represented by high-momentum (thus, high boost) t → W → qq decay chains that are
promising probes of the time evolution of the QGP density and of the role of colour coherence. A
possible sizeable secondary production of charm quarks in scatterings between quark and gluon
constituents of the hot QCD medium could represent a novel observable sensitive to the medium
temperature evolution. Also the yields and kinematic distributions of heavy quarkonium bound
states carry information about properties of the produced QCD matter, since quarkonia states are
expected to dissociate above critical energy densities (that depend on the binding energy of the
state), and since they are expected to form in secondary processes (depending on the density of
heavy quarks in the system).

3. FCC explores saturated parton densities in a previously-uncharted, ultra-dense kinematic
domain
In the incoming nuclear wave-functions, parton densities increase strongly with decreasing mo-
mentum fraction x. At any given

√
s, the nuclear parton densities are larger than those in the proton

due to geometric enhancement. On general grounds, this growth at small-x is expected to saturate
once parton densities reach non-perturbative values of parametric order ∼ 1/αs. In the context
of heavy-ion collisions, the study of saturated QCD is of fundamental interest mainly because
it fixes the initial conditions for the collective dynamics. For instance, the accuracy with which
properties of dense QCD matter can be constrained in a heavy-ion programme is expected to de-
pend ultimately on the accuracy with which one characterises the incoming nuclear wave functions
at small x. More generally, saturated QCD is of fundamental interest as it is a qualitatively-novel
kinematic regime where QCD scale dependence is governed by non-linear evolution equations and
where bulk properties of QCD may become amenable to perturbative calculations. As discussed
in Section 5, the higher centre-of-mass energy of FCC allows one to explore a wide previously-
uncharted kinematic range in logQ2 and log 1/x within which saturation physics is expected to
manifest itself. A proton–nucleus collision programme at the FCC is needed to explore this op-
portunity fully. Such programme would be complementary to that of an electron–hadron collider.
Among the most promising observables, we quote here photon production and photon–hadron
correlations at forward rapidity, which are sensitive to the small-x and small-Q2 region where sat-
uration is expected to set in, heavy quarkonium production in photon–nucleus collisions (so called
ultra-peripheral heavy-ion collisions), as well as very heavy objects like W , Z and top, which can
provide strong constraints on the modification of the parton density functions in nuclei at small x
and large Q2.

So far, the heavy-ion working group did not study detailed detector requirements for an experi-
mental programme with nuclear beams at the FCC-hh. From an experimental viewpoint, it remains in
particular to be investigated to what extent the physics opportunities of a heavy-ion programme at the
FCC can be exploited with a general purpose detector for pp collisions. Without addressing this question
in detail, the physics opportunities discussed in the present report allow one to identify some general
prerequisites for the detector design:

1. To fully exploit the opportunities for physics with soft probes, one requires a detector with ex-
cellent charged-hadron identification to measure low-pT pions, kaons, protons and light nuclei,
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their abundance, spectra, flow and correlations, as well as low-pT charm and beauty mesons and
baryons. Such identification capability could be provided by measurements of specific energy
deposition in silicon trackers, time-of-flight, Cherenkov radiation, or a combination of these.

2. Track reconstruction capability down to low pT, ideally starting from few hundred MeV/c, is
mandatory for all the aforementioned measurements. This capability requires to minimize the
material thickness of the inner tracker and is may be limited by the large values of magnetic field
(4–8 T) that are considered for pp-dedicated detectors at the FCC-hh. Therefore, it would be
interesing to assess the feasibility of a general-purpose detector that can be operated also with
reduced magnetic field of ≈ 1 T.

3. To fully exploit the opportunities for physics with hard probes, the basic requirements should
match those for the pp programme at the FCC, that is hadronic and electromagnetic large-
acceptance calorimeters with excellent energy resolution at high-pT, and excellent detection ca-
pabilities for the leptonic decay products of hard processes. These detector specifications need to
persist for the higher event multiplicities of heavy-ion collisions.

4. To fully exploit the opportunities for saturation physics, one requires a detector with excellent
forward coverage for charged particles, photons and jets, ideally up to η ≈ 6.

In addition to the three key motivations for a heavy-ion beam programme at the FCC listed above,
the present document will summarise further opportunities. It is structured as follows. The FCC-hh
machine parameters and projected performance for heavy-ion running are presented in Section 2. The
opportunities for studying hot and dense QCD matter with soft and hard observables are discussed in Sec-
tions 3 and 4, respectively. In Section 5, the potential for studying gluon saturation and nuclear-modified
PDFs is presented including observables in hadronic proton–nucleus and nucleus–nucleus collisions and
in photon-induced ultra-peripheral collisions. In a final Section 6, we turn then to contributions to other
sectors of high-energy physics, such as searches for new particles in photon–photon scattering processes
induced with very large rate by the strong electro-magnetic fields of incident Pb nuclei, and the physics
with fixed-target collisions using FCC proton or heavy-ion beams.
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2 Heavy-ion performance of FCC-hh 1

At an early stage in the study of the future hadron collider, FCC-hh, a fairly complete study of its potential
as a heavy-ion collider was published [7]; we take this as a reference for the following. Collisions
of lead nuclei with each other (Pb–Pb) and with protons (p–Pb) were considered, as at the LHC. The
performance projections were based on a very conservative injection scenario, in which the LHC was
used as the final injector synchrotron and the parameters of the injected beam in an LHC cycle were
based on those obtained in the 2013 p–Pb run of the LHC. This could be comfortably realised by simply
maintaining the present source and injector chain of the LHC at the performance levels of LHC Run-1.
With these parameters, and the assumption of a single heavy-ion experiment, Ref. [7] showed that the
optimum operating cycle for the FCC-hh was to inject one LHC fill (filling only a fraction of the FCC-hh
ring) and immediately ramp and collide. The time required to efficiently exhaust the beams in collisions
corresponded closely to the time required to refill and ramp the LHC again for the next fill, so that the
optimum injection scheme was to fill just a quarter of the ring with a single bunch train from the LHC.

In Ref. [7], it was also shown that the FCC-hh will enter a new, highly-efficient operating regime,
in which a large fraction of the injected intensity can be converted to useful integrated luminosity. Thanks
to strong synchrotron radiation damping, the beam emittances shrink rapidly and compensate the rapid
decay of initial luminosity seen at lower-energy colliders. The luminosity may even increase during a
fill until the beams are exhausted. Not only is this natural beam cooling twice as fast for heavy ions as
for protons, it can also be more fully exploited since the lower overall bunch charges do not lead, for
example, to high beam–beam tune-shifts.

In fact, the first heavy-ion run of LHC Run-2, in 2015, has shown that the present LHC and injec-
tor complex is already capable of higher performance, giving approximately a factor of 2.4 in luminosity
beyond what is assumed in Ref. [7]. Further gains are expected after the LHC Long Shutdown 2 (from
2021). Since the publication of Ref. [7], the design work on FCC-hh has mainly focussed on its per-
formance as a proton–proton collider. However, some important developments carry over into increased
expectations for heavy-ion performance. In particular, measures envisaged to shorten the LHC cycle [8]
mean that the optimum scheme is to fill the entire FCC ring using up to 4 LHC injection cycles, boosting
the peak and integrated luminosities by a further factor approaching 4. The effect of this is shown in
Fig. 1, which shows the luminosity that would be integrated in an ideal 30-days run at full performance
with perfect efficiency (no down time or other interruptions). Note that, for simplicity of comparison
with [7] we have maintained the assumption of a single experiment taking data. For nexp heavy-ion ex-
periments (with similar configurations) the integrated luminosity per experiment will go down because
of luminosity sharing but not as fast as 1/nexp (the total luminosity, summed over experiments, will be
somewhat increased).

Table 1 summarises key parameters for Pb–Pb and p–Pb operation at Eb = 50Z TeV in the
FCC-hh. In the case of p–Pb operation the Pb beam is assumed to be the same as for Pb–Pb, so the
corresponding column only quotes the proton beam parameters. The calculated luminosity values assume
an optimised theoretical turnaround time of 9 min per LHC cycle and an additional preparation time in
the FCC-hh of 1.2 h per FCC-hh filling, as quoted in [8]. It was assumed that the first LHC beam
is already prepared during preparation time of the FCC-hh, so that a total turnaround time sums up to
1.65 h. This represents a theoretical minimum. In reality early beam aborts and other faults will increase
this time and somewhat reduce the integrated luminosity.

The final values for the integrated luminosity in a typical annual one-month run assume an LHC
cycle time of 9 min and are reduced by a “performance efficiency factor” of 50% to allow for set-up time,
down-time and other deviations from the idealised running described in Fig. 1 (a similar factor is applied
in HL-LHC performance projections). The resulting integrated luminosity values are of 33 nb−1 for Pb–
Pb and 8 pb−1 for p–Pb collisions. The previous estimates [7] were of 8 nb−1 and 1 pb−1, respectively.

1Editors: J.M. Jowett, M. Schaumann
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Fig. 1: Integrated luminosity in a 30-days Pb–Pb (left) or p–Pb run (right) for different numbers of LHC
injections, and as a function of the LHC cycle time (this updates Figs. 7(c) and 11(c) of Ref. [7]).

Table 1: Selected beam and performance parameters for the FCC-hh in Pb–Pb and p–Pb modes. This
table is an update of parts of Table VIII of Ref. [7] which provides further detail.

Unit FCC Injection FCC Collision

Operation mode Pb Pb–Pb p–Pb

Beam energy [TeV] 270 4100 50
√
sNN [TeV] - 39.4 62.8

No. of bunches per LHC injection - 518 518 518
No. of bunches in the FCC - 2072 2072 2072
No. of particles per bunch [108] 2.0 2.0 164
Transv. norm. emittance [µm] 1.5 1.5 3.75
Number of IPs in collision - - 1 1
Crossing-angle [µrad] - 0
Initial luminosity [1027cm−2s−1] - 24.5 2052
Peak luminosity [1027cm−2s−1] - 57.8 9918
Integrated luminosity per fill [µb−1] - 553 158630
Average luminosity [µb−1] - 92 20736
Time in collision [h] - 3 6
Assumed turnaround time [h] - 1.65 1.65
Integrated luminosity/run [nb−1] - 33 8000

For the moment, no studies of upgrades to the heavy-ion injectors (source, linac, accumulation ring, PS
and SPS synchrotrons) have been performed. If upgrades to these machines can be envisaged by the time
of FCC-hh operation, then still higher luminosities are likely to be available.

Heavy-ion operation will certainly also require certain adaptations of the FCC-hh main ring, e.g.,
special absorbers in key locations for the high flux of modified ions from the bound-free pair-production
process at the interaction points. Collimation of the heavy-ion beams will also be a serious issue and re-
quire further absorbers or, possibly, the application of new collimation technologies such as bent crystals
or electron lenses. The potential of these technologies is under study at the LHC.
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3 QGP studies: bulk properties and soft observables 2

A central goal of a heavy-ion programme at a hadron collider is to explore how collective properties
emerge from the fundamental fields of Quantum Chromodynamics and their non-abelian interactions.
So-called “soft observables”, that is particles at low transverse momentum, are important in this con-
text since they are the experimentally accessible decay products of the medium that is formed during
the collision, and since they provide the most direct signals of collective behaviour. Any substantial
increase in the centre-of-mass energy benefits this research programme by significant quantitative gains.
In particular, the QGP phase in Pb–Pb collisions at

√
sNN = 39 TeV is expected to have larger vol-

ume, lifetime, energy density and temperature than Pb–Pb collisions at LHC energy. Also, the enlarged
spatio-temporal extension of the created system is expected to be accompanied by larger collective ef-
fects, and the increased multiplicity per event increases the statistical precision with which statements
about collectivity can be made. In the present section, we summarise basic expectations for the bulk
properties and soft observables in heavy-ion collisions at FCC-hh, and we provide some examples for
the physics opportunities arising from them. Our discussion touches also fundamental questions whose
understanding is currently evolving rapidly. For instance, recent discoveries at the LHC emphasise the
need for understanding signatures of collectivity across system size, including the study of proton–proton
and proton–nucleus collisions. This addresses the fundamental question of what is the smallest length
and time scale for QCD thermalization or hydrodynamization in Quantum Chromodynamics, and how
this scale depends on energy density. While there is no doubt that, due to the higher event multiplici-
ties reached in hadronic collisions, experiments at the FCC will greatly contribute to this question, there
is also little doubt that the motivation for this experimental programme will be refined significantly in
the coming years in an interplay between theory and further analyses of LHC data. A similar comment
applies to the increased charm production in heavy-ion collisions at the FCC, and its impact on our
understanding of QCD thermalization and hadronization from the QCD fireball.

3.1 Global characteristics of Pb–Pb collisions
Extrapolating measurements of charged particle multiplicity, transverse energy and femtoscopic corre-
lations at lower energies [9–14], one can obtain estimates for the growth of global event characteristics
from LHC to FCC. In particular, up to the top LHC energy, the growth of charged hadron event multi-
plicity per unit rapidity in Pb–Pb collisions is consistent with a weak power-law,

dNch

dη

∣∣∣∣∣
η=0

∝ (
√
sNN)0.3 . (1)

As can be seen from Table 2, this amounts to an increase of a factor ∼ 1.8 from top LHC to FCC energy.
In the absence of a fully quantitative theory for soft physics observables such as event multiplicities
in hadronic collisions, it is difficult to assign uncertainties to such an estimate. From past experience
with such extrapolations, and from the increased lever arm available to extrapolate now to FCC, we note
simply that all current considerations favour an O(2) increase of multiplicity from LHC to FCC, while
a multiplicity increase by a factor 3 or larger would be a big surprise. Also, while event multiplicity
increases significantly with

√
sNN in all models of particle production, this increase is tamed in models

that account for non-linear QCD saturation physics as a mechanism that regulates the density of incoming
parton distributions. For instance, in the CGC-rcBK model [15], one obtains dNch/dη = 2700–2900
which is about 25% lower than the value obtained from scaling the multiplicity with (

√
sNN)0.3. This

illustrates the typical uncertainties in such extrapolations.

Fluid dynamic simulations of heavy-ion collisions are sensitive to the initial conditions from which
the system is evolved dynamically, and they are sensitive to the thermodynamic properties of hot QCD
matter as encoded in the the equation of state and in QCD transport properties. The increased event

2Editor: U.A. Wiedemann
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Table 2: Global properties measured in central Pb–Pb collisions (0–5% centrality class) at
√
sNN =

2.76 TeV and extrapolated to 5.5 and 39 TeV. The measurements at 2.76 TeV [9–14] are reported for
comparison only and without experimental uncertainties.

Quantity Pb–Pb 2.76 TeV Pb–Pb 5.5 TeV Pb–Pb 39 TeV
dNch/dη at η = 0 1600 2000 3600
Total Nch 17000 23000 50000
dET/dη at η = 0 1.8–2.0 TeV 2.3–2.6 TeV 5.2–5.8 TeV
Homogeneity volume 5000 fm3 6200 fm3 11000 fm3

Decoupling time 10 fm/c 11 fm/c 13 fm/c
ε at τ = 1 fm/c 12–13 GeV/fm3 16–17 GeV/fm3 35–40 GeV/fm3

Fig. 2: Left: space-time profile at freeze-out from hydrodynamical calculations for central Pb–Pb colli-
sions at

√
sNN = 5.5 TeV and 39 TeV. Right: time evolution of the QGP temperature as estimated on the

basis of the Bjorken relation and the Stefan-Boltzmann equation (see text for details).

multiplicity at FCC energy is of prime importance for the fluid dynamic expansion, since it constrains a
central characteristic of the initial conditions, namely the entropy density at initial time. More precisely,
for a general viscous dynamics, the second law of thermodynamics implies that the final multiplicity puts
an upper bound on the initial entropy. However, the QCD matter produced in heavy-ion collisions shows
very small dissipative properties at TeV energies and is thus expected to follow a close to isentropic
expansion: the initial entropy density is then fixed by the final event multiplicity. The

√
s-dependence

of fluid dynamic simulations of heavy-ion collisions thus results mainly from the increase in event mul-
tiplicity with

√
s. To illustrate the impact of the expected multiplicity increase from LHC to FCC, we

have run a simplified fluid dynamic simulation for a central Pb–Pb collision. The radial dependence of
the energy density in the initial conditions was chosen to be determined as the smooth nuclear transverse
overlap function of two Wood-Saxon profiles, neglecting any possible energy dependence and fluctu-
ations. Using a standard parametrisation of a realistic QCD equation of state and minimal dissipative
properties (shear viscosity to entropy density ratio η/s = 1/4π), we show in Fig. 2 (left) results for the
freeze-out hypersurfaces of central Pb–Pb collisions at different collision energies. This figure quantifies
the naive expectation that the denser system created at higher collision energy has to expand to a larger
volume and for a longer time before reaching the freeze-out temperature at which decoupling to hadrons

9

CHAPTER 4: HEAVY IONS AT THE FUTURE CIRCULAR COLLIDER

643



sets in. In this way, Fig. 2 (left) confirms the qualitative expectation that the freeze-out volume should
increase proportional to event multiplicity, since the system is expected to decouple at a freeze-out tem-
perature that does not depend significantly on

√
sNN already at top RHIC and LHC energies. While this

overall volume is not directly measurable, the homogeneity volume over which bosons interfere con-
structively is measurable via femptoscopic interferometry measurements, and experimental data up to
LHC energy indicate that this volume increases with ∝ dNch/dη, too, see Table 2. Fig. 2 (left) is also in
accordance with the parametric expectation that the decoupling time grows ∝ (dNch/dη)1/3.

The arrows overlaid with the freeze-out hypersurface in Fig. 2 (left) indicate the transverse flow
of the fluid element at decoupling. This provides quantitative support for the qualitative expectation that
in a larger and more long-lived system, collective effects can grow stronger. In particular, the figure
illustrates that the radial flow field is expected to increase substantially from LHC to FCC, as indicated
by the length of the arrows.

In general, the global event characteristics listed in Table 2 determine the spatio-temporal extent
of the “cauldron” in which QCD matter is evolved, and they constrain the thermodynamic conditions
that apply after thermalization. The measured transverse energy per unit rapidity dET/dη (see Table 2)
is of particular importance since it constrains the initial energy density. This is most easily illustrated
by an estimate, obtained from back-extrapolating dET/dη under the assumption of free-streaming, i.e.,
under the assumption that the system makes minimal work. The resulting Bjorken relation ε(τ) =
1
c τ

1
πR2

A
dET/dη assumes then that the energy density of the system at very early times is determined

by the energy dET/dη contained in a volume given by the transverse overlap area ∝ 1
πR2

A
times the

longitudinal extent reached at time τ . According to this Bjorken estimate, the energy density decreases
initially like ε(τ) ∼ 1/τ , and the temperature evolves as the fourth root. One may estimate the pre-
factor of this relations, for instance by using the Stefan-Boltzmann limit of the QCD equation of state
which yields T (t) = [ε(t) (30/π2)/nd.o.f.]

1/4, where nd.o.f. = 47.5 is the number of degrees of freedom
for a system with gluons and three quark flavours. The energy density is expected to increase by a
factor of two from LHC to FCC, reaching a value of 35–40 GeV/fm3 at the time of 1 fm/c. In Fig. 2
(right), we have plotted the time-dependence of the QGP plasma temperature for Pb–Pb collisions at
the LHC and at the FCC. We caution that the present use of the Bjorken estimate is subject to several
uncertainties. On a quantitative level, one may note e.g. that the QCD equation of state differs from that
of a Stefan-Boltzmann gas and that at sufficiently late times (say τ > 1 fm/c), the transverse expansion
of the system makes the energy density decay faster than 1/τ . On a qualitative level, we note that the
Bjorken estimate constrains the energy within a given initial volume without specifying whether (and
if so, at what initial time) this energy density is thermalised. While the curves in Fig. 2 (right) extend
to arbitrarily early (logarithmic) times, they are only meaningful at times larger than a thermalization
time-scale that is estimated to be O(0.1 fm/c) at LHC energies and that is expected to decrease with
increasing energy density. At least in principle, this time-scale is calculable from kinetic theory, but so
far only rough estimates can be given. Figure 2 (right) shows that while the increase at a given time is
a modest 30% when going from LHC to FCC, the thermalization time of the system is expected to be
significantly smaller. One may reach initial temperatures as large as T0 ≈ 800–1000 MeV in case that
the thermalization time decreases to O(0.02 fm/c) at FCC energies.

3.2 Collective phenomena from heavy-ion to pp collisions
One of the most important characterisations of flow-like phenomena in heavy-ion collision is the study
of the azimuthal dependence of particle production. For a single inclusive hadron spectrum, this can be
done for instance by measuring the azimuthal harmonics vn in a Fourier decomposition3 in the azimuthal

3This decomposition takes into account only the even terms (cosines), which are far dominant over the odd terms (sines).
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Fig. 3: Left: parametrisations for the evolution of the ratio η/s versus temperature. Right: results for
different vn{2} versus multiplicity from viscous hydrodynamics calculations for different temperature
dependencies of η/s shown on the left. The results are based on the theoretical framework described in
Refs. [19–21].

angle ϕ with respect to the nucleus–nucleus reaction plane orientation Ψ,

dNch

pT dpT dη dϕ
=

1

2π

dNch

pT dpT dη

[
1 + 2

∞∑

n=1

vn(pT, η) cos(n(ϕ−Ψ))

]
. (2)

Since heavy nuclei are not uniform spheres but distributions of nucleons, the spatial profile of the initial
nucleon–nucleon collisions, which determines the so-called initial conditions of a heavy-ion collision,
varies on an event-by-event basis and it has a complex structure that is best characterised with a symmetry
plane for each harmonic vn, rather than with a single reaction plane. Therefore, Ψ is replaced in the above
expansion by a set of symmetry planes Ψn. The azimuthal orientations of Ψn need to be extracted from
the same set of data as the harmonic flow coefficients vn, and effects which only contribute to few-
particle correlations and are invariant to symmetry plane orientations (so-called non-flow effects) need
to be disentangled from flow-effects, which typically involve all produced particles. This is done by
measuring vn from multi-particle azimuthal correlations. For the description of the various techniques,
developed to this end, we refer to the literature [16–18].

At FCC energies, the two-fold larger multiplicity in central Pb–Pb collisions may open up the
possibility to carry out flow measurements on an event-by-event basis and to become sensitive to depen-
dencies of transport coefficients that are very difficult to address at the LHC. For example, the different
azimuthal coefficients vn are sensitive to the various possibilities for the temperature dependence of shear
viscosity to entropy density ratio, η/s(T ), and this sensitivity becomes stronger with increasing multi-
plicity and for higher harmonics. This is illustrated in Fig. 3. The results are based on the theoretical
framework described in Refs. [19–21]. We note that at the time of writing this report, neither the theo-
retical possibilities for disentangling different conceivable temperature dependences of η/s(T ) at FCC,
nor the opportunities of getting insights into this question from further LHC data are fully explored. In
particular, recent work studying various soft hadron observables in the EbyE EKRT model context in-
dicates [22, 23] that an analysis including Pb–Pb data up to the top LHC energies in combination with
RHIC Au–Au data can disentangle between different temperature dependencies for η/s(T ). While there
is a sound qualitative argument that the higher centre-of-mass energy at FCC will lead to an improved
handle on the temperature dependence of transport coefficients, the expected quantitative gains at FCC
are likely to require updating in the light of these ongoing efforts at the LHC.

In recent years, surprisingly, small and dense systems probed in high multiplicity p–A and pp
collisions were found to display flow-like phenomena. In particular, p–Au, d–Au and 3He–Au collisions
at RHIC, as well as p–Pb and high-multiplicity pp collisions at the LHC have been shown to feature
similar ridge-like structures, v2 anisotropy and, in some of the systems, including high-multiplicity pp
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Fig. 4: Extrapolation of the charged-particle multiplicity distribution (|η| < 1.5) in pp collisions to√
s = 100 TeV, based on a negative binomial distribution.

collisions, even v3 anisotropy as seen in collisions between large nuclei [24–30]. The hints for a collective
nature of the azimuthal anisotropy seen in p–Pb collisions were reinforced by measuring its higher-order
cumulants. New pp data from ATLAS and CMS indicate that the long-range ridge correlation may well
extend all the way down to minimum bias collisions (if not below), though differences in the analysis
techniques warrant further scrutiny. These recent findings raise fundamental questions about whether
the flow-like patterns in small and dense systems are only similar in appearance to what one observes in
heavy-ion collisions, or whether the idea of a minimal scale for the onset of collective phenomena needs
to be revisited.

In general, the experimental study of flow phenomena in hadronic collisions aims at disentangling
flow effects from non-flow contributions. Simple non-flow effects can arise for instance from resonance
decays or (mini)jets. The energy-momentum constraints of these elementary particle production pro-
cesses lead to patterns in the two-particle correlations that share at least qualitative commonalities with
the patterns measured in the harmonic flow coefficients vn, in the ideal case of zero non-flow correla-
tions. However, a collective phenomenon is shared by many if not all particles in the event, rather than
by the few particles associated to the same microscopic production process. The ability to disentangle
collective correlations from confounding factors, therefore, increases with event multiplicity. This is
seen most explicitly in the so-called cumulant analysis of flow coefficients, via which one tests whether
an assumed collective effect persists with equal strength when searched for in multi-particle correlations
involving higher number of particles. It is an important limitation of the current discussion of the system
size dependence of flow at the LHC that the multiplicities in pp collisions are still too small to allow for
the same cumulant analyses of flow coefficients that are standard in heavy-ion collisions. The increased
event multiplicity in pp collisions at the FCC will overcome this problem.

Figure 4 presents an extrapolation of the multiplicity distribution in |η| < 1.5 to
√
s = 100 TeV.

The extrapolation was obtained by fitting multiplicity distributions from 0.2 to 7 TeV with a negative
binomial distribution and extrapolating the parameters. To achieve a good description of the high-
multiplicity tail of the distribution, the lowest 30% of the multiplicity range was excluded from the
fit. Including the low-multiplicity range leads to a worse fit result and a wider extrapolated multiplicity
distribution. Therefore, the presented extrapolation can be seen as a lower limit of the possible reach.
The high-multiplicity tail of event-distributions in proton-proton collisions will become accessible at
the FCC up to multiplicities of at least 300 charged particles. This makes it feasible to apply statisti-
cally demanding analysis techniques for the identification of flow-like phenomena, such as higher-order
cumulant analyses, across system size, including the smallest pp collision system.
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3.3 Effect of the charm quark on the QGP equation of state
The fluid dynamic interpretation of ultra-relativistic heavy-ion collisions relies on a gradient expansion
around local thermodynamic equilibrium. It is thus based entirely on basic thermodynamic properties
such as the equation of state (EOS, i.e. the temperature dependence of the pressure P (T )/T 4), the ve-
locity of sound and dissipative transport coefficients. As thresholds for particle production are crossed at
higher temperature, the number of relevant thermodynamical degrees of freedom and thus the equation
of state changes characteristically. Remarkably, while still relatively little is known from first principles
about the dependence of the EOS on the quark mass, LO and NLO calculations in finite temperature
field theory [31] indicate that charm quarks start contributing to the EOS for temperature as low as 350
MeV (see Fig. 5). This is also supported by first exploratory lattice studies [32–34]. Given that the
initial temperature of the systems produced at the FCC will be significantly higher, see Fig. 2 (left), one
may expect that the system temperature increase could lead to a sizeable production of secondary charm
and anti-charm quark (cc) pairs from partonic interactions during the hydrodynamical evolution of the
system. However, in heavy-ion collisions, reaching thermal charm abundances will depend on kinetic
and chemical equilibration mechanisms. Their effectiveness depends on the competition between the
chemical equilibration rate Γchem and the expansion rate. A perturbative analysis allows to relate this
equilibration rate to the ratio of quark number susceptibilities of massive (χf ) and massless (χ0) quarks,
Γchem ' 2πα2

sT
3

9M2
c

(
7
6 +Nf

) χf
χ0

, [35]. Fixing these susceptibilities with lattice data [34, 36], and using
αs = 0.3 and Mc = 1.5 GeV, one finds

Γ−1
chem > 60 fm/c for T ' 400 GeV ,

Γ−1
chem > 10 fm/c for T ' 600 GeV .

We note that further theoretical developments are likely to refine these estimates prior to the start of the
FCC. At face value, the numbers listed above indicate that FCC targets an interesting transition region in
energy density above which charm quarks start counting towards the thermal degrees of freedom. While
charm abundances are likely to lie below chemical equilibration values at high temperatures, charm is
expected to participate in experimentally accessible kinetic and chemical equilibration processes that
can be accounted for in the context of kinetic theory. Predictions on thermal charm production at FCC
energies will be discussed in Section 4.2.

3.4 Hadrochemistry
In heavy-ion collisions, the relative abundances of different hadronic species are well-described in terms
of the grand canonical partition function over the full hadronic mass spectrum. Hadronic yields are
then given in terms of only two free parameters, the temperature T and baryo-chemical potential µB
of the system at decoupling (as well as a volume parameter). A thermally equilibrated QCD system
that expands and cools to the limiting temperature of a hadron gas is a system in which all hadrons are
produced with thermal abundance. Therefore, the limiting temperature T and baryo-chemical potential
µB obtained from thermal fits to hadronic abundances is of interest since it is thought of as tracing
the QCD phase boundary. The energy-dependence of both fit parameters, shown in Fig. 6 shows that
hadrochemical measurements at the FCC are expected to lie far within a plateau in which no further
energy evolution occurs: the baryo-chemical potential in central Pb–Pb collisions vanishes almost at
top LHC energies and hence no baryon excess is expected at mid-rapidity at the FCC. Also, a limiting
temperature of ∼ 160 GeV is reached at LHC energy already and no further evolution is expected. The
simple implication of having reached these plateau values of the thermal model of hadron production
at LHC is that all ratios of thermal hadronic abundances are expected to remain unchanged between
LHC and FCC energies. While these measurements are not expected to reveal surprises at the FCC,
a confirmation of this well-tested statistical baseline for soft thermal hadron production could help to
define a particularly clean baseline on top of which dynamical mechanisms of kinetic and chemical
equilibration of rarer processes (e.g. in the charm sector) could be established.
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Fig. 5: For basic thermodynamic observables such as the pressure plotted here, the charm quark plays
a visible role at very low temperature T/mc � 1. The present plot is for a perturbative calculation
that accounts for gluonic contributions up to the highest known order O(g6 ln(1/g)) and that treats the
change in quark masses to order O(g2). Figure taken from Ref. [31].

Fig. 6: The energy dependence of the thermal model parameters, temperature T and baryon chemical
potential µB , obtained from fitting the statistical model of hadron production [37] to identified hadronic
yields measured in heavy-ion collisions. The figure is updated to include the most recent LHC results
and it was taken from [38].
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4 QGP studies: hard probes 4

4.1 Jet quenching
4.1.1 Current understanding of jet quenching
The modification of jet properties in heavy-ion collisions with respect to the proton–proton case, what is
commonly referred to as jet quenching, results from the interaction of jet constituents with the QGP that
they traverse. Jet quenching was discovered at RHIC without full jet reconstruction via the strong reduc-
tion of the number of intermediate-pT hadrons [39–42]. Robust jet reconstruction, above the large and
fluctuating background characteristic of heavy-ion collisions, was first carried out at the LHC [43–45]
as the combined result of a higher centre-of-mass collision energy, much improved detector capabilities
and novel reconstruction techniques [46]. This has given access to a range of measurable jet properties
from which the jet-QGP dynamics, and ultimately QGP properties, can be inferred.

Over the last few years, as several jet properties were measured in heavy-ion collisions [47–62],
the theoretical understanding of jet–QGP interactions has evolved from the early descriptions of single
parton energy loss [63–75] towards an overall understanding of how full jets are modified by the QGP
(for a review see [76] and references therein). Several important results underlie this emergent picture of
in-medium jets. First, that while the hard structure of a jet remains mostly driven by vacuum-like physics,
soft jet constituents are strongly affected by the QGP experiencing large broadening effects which ulti-
mately decorrelate them from the jet direction [77,78]. Second, that the QGP presence strongly modifies
intra-jet coherence properties [79] leading to a breakdown of angular ordering for radiation induced by
transverse momentum exchanges between jet and QGP. Finally, that the QGP-induced radiation pattern
of a jet is driven by the number of objects within the jet that can be resolved by the QGP [80].

Extraction of QGP properties from jet observables relies ultimately on the availability of event
generators [81–84] that accurately model the interaction of jets with realistic implementations of a hy-
drodynamically evolving QGP. From an experimental point of view, jet observables provide versatile
probes of the different energy scales as well as the space-time picture of the medium. Present LHC data
show clearly the potential of these probes with higher statistics. The increase in energy, the abundance
of probes, especially those involving electroweak bosons together with jets, and the qualitatively new
processes available (e.g. boosted jets, see below) make of the FCC-hh the best-suited next machine for a
deeper understanding of this physics.

4.1.2 Hard cross sections at FCC-hh energies
The large increase in energy and luminosity from the LHC to the FCC provides new tools to study
the matter created in the collisions of heavy ions. In Fig. 7, cross sections for different processes and
different energies are computed with MCFM [85] at the highest available order. Ratios with respect to
the cross sections at top LHC energy for Pb–Pb collisions (

√
sNN = 5.5 TeV) are also shown for an

easier comparison of the available increases. While the increases in Z or beauty production are a factor
∼ 10 with the expected energy increase from the LHC to the FCC, these figures are much larger for top
production (an increase of a factor of ∼ 80) or the Z+jet with an increase of ∼ 20. Although not shown
in Fig. 7, large yields of other processes of interest will be also available, as charm production, heavy
quarkonia or jets in the TeV mass region.

The large increase in the top cross section, along with the larger luminosities expected for the
FCC-hh, make the case of top observables one of the main qualitative differences with respect the LHC.
It will, in particular, allow the study of boosted W ’s coming from the decay of the top quarks, a unique
probe of colour singlet objects traversing a medium, even in the hadronic channel (see Section 4.1.4). A
rough estimate of the rates, based on an integrated luminosity of ∼ 30 nb−1 for one month Pb–Pb run
gives several million tt pairs, which is enough for several interesting measurements, in particular with
boosted tops and W ’s.

4Editors: A. Dainese, D. d’Enterria, J.G. Milhano, C.A. Salgado
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Fig. 7: Left:
√
s-dependence of the cross sections for hard processes of interest for a heavy-ion pro-

gramme, calculated with MCFM [85] at the highest available order. Right: increase factors with respect
to the cross sections at top LHC energy for Pb–Pb collisions.

The large yields in Z+jets (several tens of millions) will also allow to study the jet quenching
process with excellent calibration of the jet energy. In principle, the measurement of the energy lost by
the jet in Z+jet would provide a good experimental measurement of the distribution of the parton energy
losses in hot QCD matter.

4.1.3 Top-quark production in p–Pb and Pb–Pb collisions
The motivations for measurements of top quarks in heavy-ion collisions at FCC are multifold. For
example, in p–Pb collisions the cross sections efficiently probe the nuclear gluon PDFs in a wide range
in momentum fraction x at high scale Q ∼ mt [86] (see Section 5.1.3). In Pb–Pb collisions, the top-
quark observables are sensitive to the energy-loss of heavy quarks [87] and by selecting boosted (very
high-pT) top quarks one could also probe the QGP medium at slightly later times (though still close to its
formation stages) as the decays of boosted top quarks get Lorentz time dilated (see Section 4.1.4). The
corresponding measurements at the LHC will be limited by the smaller production cross sections, while
at FCC energies the production cross sections are significantly higher. This is illustrated in Fig. 8, which
shows the energy dependence of the total top-pair and single-top cross sections at NLO (computed with
MCFM [85]) for pp, p–Pb and Pb–Pb collisions. The large differences between the pp and p–Pb (Pb–Pb)
curves are due to scaling by A (A2). The effects of nuclear modifications in PDFs (here EPS09 [88]) are
at the level of a few percent (see Section 5.1.3).

The top quarks decay almost exclusively to b quark andW boson and, in a heavy-ion environment,
it is the leptonic decays of W that can be best resolved from the backgrounds. The estimated measurable
yields (using nominal per-year luminosities from Section 2) with realistic analysis cuts (b-jets: anti-kT

algorithm with R = 0.5, pT > 30 GeV/c, |η| < 5; charged leptons: Risol = 0.3, pT > 20 GeV/c,
|η| < 5; neutrinos: E/

T
> 40 GeV) and conservative 50% efficiency for b-jet tagging are shown in

Table 3.

As mentioned above, the pT reach of top quarks in Pb–Pb collisions is of special importance for
QGP studies. To this end, Fig. 8 (right) shows the estimated pT spectrum of the top+antitop yields (per
year) in Pb–Pb collisions for top-quark pair production, which is the most promising channel due to the
higher yields, as shown in Table 3. The figure indicates that one could measure top quarks approximately
up to pT ≈ 1.8 TeV/c. At mid-rapidity, pT as large as this would correspond approximately to a factor
of 10 time dilation in the top decay (see Section 4.1.4).
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√
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FCC energies). Right: Expected top-quark pT distributions dN/dpt,tT in Pb–Pb in the fully-leptonic
decay modes at

√
sNN = 39 TeV after acceptance and efficiency cuts. The markers correspond to a set of

pseudodata with the statistical uncertainties expected for Lint = 33 nb−1. The figures are adapted from
Ref. [86].

Table 3: The expected number per run of top and antitop quarks in fully-leptonic final states, after typical
acceptance cuts and efficiency losses (see text), for tt̄ and tW production in p–Pb and Pb–Pb collisions
at FCC energies [86].

System
√
sNN Lint tt̄→ bb `` νν tW → b `` νν

Pb–Pb 39 TeV 33 nb−1 3.1× 105 8.6× 103

p–Pb 63 TeV 8 pb−1 8× 105 2.1× 104

4.1.4 Boosted tops and the space-time picture of the QGP
The large centre-of-mass energy of the FCC will provide high rates of highly-boosted heavy particles,
such as tops, Z and W bosons. It is expected that when these particles decay the density profile of the
QGP has already evolved. By using this time delay, and by comparing the reconstructed energy to the
one expected from usual energy loss processes, it should be possible to get unique insight into the time
structure of the jet–QGP interaction.

A key feature that becomes accessible at FCC energies is the role of colour coherence effects in the
parton cascade in the presence of a QCD medium, as proposed in [80]. The physics is rather simple: in a
given time interval t, fast coloured objects, either fundamental (q or g) or composite (e.g. qq, gg or qg),
probe the medium with a typical spatial resolution r⊥ ∼ 1/Q, where Q is the transverse energy scale of
the object. For example, for a gluon that is produced in the fragmentation of a jet (hard parton) we have
1/Q ∼ θ t, where θ is the angle between the gluon and the hard parton; for a qq pair produced in a W or
Z decay, θ is the angle between the q and the q. The spatial resolution r⊥ has to be compared with the
typical colour correlation length in the medium Lcorr ∼ 1/

√
q̂ t. Here, q̂ is the transport coefficient of

the medium, that translates the average transverse momentum squared that particles exchange with the
medium by mean-free path. When the colour correlation length of the medium is smaller than the typical
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transverse size of the probe, Lcorr < r⊥, the different components of the coloured object (jet or qq pair)
undergo independent colour rotations (as they are separated by more than the typical correlation length)
losing coherence. This happens parametrically at the time

tsinglet ∼
[

12

q̂ θ2

]1/3

, (3)

where 12 is a numerical factor depending on the actual model for the medium and the definition of the
variables. For a highly boosted quark-antiquark pair this time increases, which gives the possibility to
investigate further the coherence/decoherence jet quenching phenomena. Of particular interest are the
colour singlet probes, as the qq decay products of a highly-boosted W or Z boson, as, in this case, the
effect of the medium will be absent.

Top–antitop events provide a unique topology to study the space-time picture of the hot QCD
medium interacting with the jets. We are mainly interested here in the channel in which one of the W
decays leptonically while the other decays hadronically. The time dilation of the decay W → qq̄ and
the color coherence discussed above ensure that also in the direction of the resulting jets, the system was
traveling through the medium in a color singlet state for some time. This time increases with the boost
due to both time dilation and the smaller angle of the system which determines the degree of coherence
in (3). As shown in Fig. 9, we obtain times in the range ∼ 0.3–3 fm/c when adding the time delay from
Lorentz boosts and the time in which a singlet antenna remains in a colour coherent state (estimated for
q̂ = 4 GeV2/fm).

A detailed discussion about all possibilities to be exploited with this and other related observables
is out of the scope of this note and will be presented elsewhere [89]. We study here the effect on the
reconstructed masses of the top and W with different energy loss scenarios as a proof of concept of the
potential of these observables to access completely novel quantities in heavy-ion collisions. Exploiting
all this potential will require a good control over the energy loss of, e.g. the b quarks, something which
will be studied at the LHC in the coming years and for which further information could be obtained
by considering together with the discussed tt̄ → bbW+W− → bb qq `− ν channel, the leptonic decay
channel tt̄→ bbW+W− → bb `+`− νν sensitive to the energy loss of the b quark.

Events with tt̄ pairs were generated using the PYTHIA 8 generator. The events were selected
with the following criteria: (i) having at least 4 hadronic anti-kT jets (2 b-tagged jets + 2 non-b-tagged
jets) with R = 0.3, pT > 30 GeV/c and |η| < 2.5 (ii) having a single muon with pT > 25 GeV/c
and |η| < 2.5. A b-tagging efficiency of 70% was assumed. The reconstructed top and W jet mass
as a function of top transverse momentum at

√
sNN = 5.5 TeV are shown in Fig. 10. The same but

at
√
sNN = 39 TeV are shown in Figs. 11 and 12. The shaded region corresponds to the statistical

uncertainty estimated for Lint = 10 nb−1 at
√
sNN = 5.5 TeV and for Lint = 33 nb−1 (a one-month run)

and Lint = 100 nb−1 (three runs) at
√
sNN = 39 TeV. The number of events was determined considering

the 0–10% centrality class. Experimental effects will somewhat increase the errors shown in Figs. 10–12
due to the mass resolution: this remains to be studied.

Energy loss was simulated considering that all quarks lose about 10% of their initial four-momenta.
As a simple toy model to check the effects of coherence in the reconstructed mass, this energy loss is
applied equally to all quarks (all quenched), to all quarks but the W boson decay products (antenna
unquenched) or to all quarks but the leading quark-antiquark from the W boson decay (leading quarks).
Energy loss causes a reduction of the reconstructed W and top masses with respect to their true values
of about 80 and 175 GeV. The results shown in Figs. 10, 11 and 12 reveal a clear separation between
what one would expect if coherence effects were completely suppressed in the presence of a medium
(all quenched) or still present within two limits (leading quarks and antenna unquenched). In the all
quenched case, the reconstructed masses of the W and top would drop below 70 and 150 GeV, respec-
tively. Instead, in the case of coherence they would be of the order of 75 and 155 GeV, respectively. The
difference between the two limits leading quarks and antenna unquenched is expected to be small (a few
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Fig. 9: Average decay times of top (upper, left) and W boson (upper, right), in the laboratory frame, as a
function of top pT. On the bottom-left, the coherence time of the qq pair from the W decay, as given by
Eq. (3), and on bottom-right, the sum of the three components (top decay, W decay and coherence time).
The dots correspond to the average decay times and the shaded region to the standard deviation.

(a) Reconstructed W boson mass (b) Reconstructed top mass

Fig. 10: Reconstructed masses of top and W boson at the LHC energies,
√
sNN = 5.5 TeV. The shaded

region corresponds to the statistical error for Lint = 10 nb−1.

GeV), but larger than the projected statistical uncertainties.

In summary, the reconstructed values of top andW masses provide robust sensitivity to the degree
of quenching. By correlating them with the expected decay and decoherence times of the top and W ,
as deduced from their pT, one has an opportunity to gain unique insight into the time dependence of
medium properties.
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(a) Reconstructed W boson mass (b) Reconstructed top mass

Fig. 11: Reconstructed masses of top and W boson at the FCC energies,
√
sNN = 39 TeV. The shaded

region corresponds to the statistical error for Lint = 33 nb−1.

(a) Reconstructed W boson mass (b) Reconstructed top mass

Fig. 12: Reconstructed masses of top and W boson at the FCC energies,
√
sNN = 39 TeV. The shaded

region corresponds to the statistical error for Lint = 100 nb−1.

4.2 Open and closed charm and bottom production
Heavy quarks (charm and bottom) are among the hard probes that have provided important insights on
the formation and the characterics of the QGP in the heavy-ion programmes at SPS, RHIC and LHC.
A recent review of the theoretical and experimental aspects of heavy-flavour probes can be found in
Ref. [90].

Briefly, on the one hand, quarkonium states are sensitive to the formation and to the temperature
of a deconfined plasma via the mechanism of colour-charge screening, which is thought to be to some
extent balanced by the recombination of heavy quarks and antiquarks from the plasma. On the other
hand, the production of hadrons with open heavy flavour is sensitive to the QGP-induced modification
of the momentum value and direction of heavy quarks, that are created in initial hard collisions before
the formation of the QGP. In particular, it provides information on the interaction mechanisms of heavy
quarks with the constituents of the QGP (energy loss, and gain) and on its transport properties.

In this section, we focus on a few selected aspects that could represent novel or particularly re-
markable observations at FCC energy, namely:

– large production of so-called thermal, or secondary, charm from interactions of light quarks and
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gluons within the QGP;
– observation of an enhancement of charmonium production with respect to the binary scaling of the

production in pp collisions, as consequence of (re)generation;
– observation of a colour screening and (re)generation for the most tightly-bound quarkonium state,

the Υ(1S).

4.2.1 Thermal (or secondary) charm production
Interactions between gluons or light quarks of the QGP can lead to the production of cc pairs if the
energy in the centre of mass of the interaction is of the order of twice the charm quark mass

√
ŝ ∼

2mc ∼ 3 GeV. This requires the energies of the two interacting gluons (or quarks) to be of the order
of E ∼ mc ∼ 1.5 GeV. If the gluons (or quarks) are thermalised in a medium, their energy is of the
order of the temperature T , with a thermal-like exponential distribution. Therefore, for a QGP with T
of several hundreds of MeV (say larger than 500 MeV), there is a significant probability that cc pairs
are produced in these in-medium interactions. This production is indicated as thermal, or secondary, in
contrast with the primary production that occurs in initial hard-scattering processes between partons of
the two incident nuclei.

In Section 3.1 we have estimated the parametric dependence of T on time and on the measured
transverse energy density T (t) ∼ [(dET/dη)/t]1/4. From this simplified estimate, we observe that the
temperature at a given time increases slowly with the ET density (e.g. about 20–30% from LHC to
FCC with the ET density estimated in Section 3.1). However, the thermalization time τ0 of the QGP is
expected to decrease substantially when

√
sNN increases, typically by a factor of 2 from LHC to FCC

(see e.g. [91]). Therefore, the overall increase of the initial temperature T0 of the QGP from LHC to FCC
can be about 50%. In Ref. [91] a detailed hydrodynamical calculation gives T0 = 580 MeV at initial
time τ0 = 0.6 fm/c for LHC (

√
sNN = 5.5 TeV) and T0 = 840 MeV at τ0 = 0.3 fm/c for FCC. With

these QGP temperatures a sizeable fraction of the gluons and light quarks have energies larger than the
charm quark mass and cc pairs can be produced in their interactions. This production is concentrated in
the initial ∼ 1 fm/c of the QGP evolution.

Predictions for the production of thermal charm at LHC and FCC energies were reported by three
groups: BAMPS [92, 93], Ko et al. [94, 95] and Zhou el al. [91]. In the BAMPS transport model, which
is based on the Boltzmann equation, secondary charm production is calculated using leading order (LO)
gluon fusion and qq annihilation processes. The calculations by Ko et al. and Zhou et al. use dynamical
kinetic equations where the charm quark density in the medium is evolved in time using a gain term
(secondary cc production) and a loss term (cc annihilation). The gain and loss terms are calculated at
next-to-leading order (NLO) considering also 2 → 3 and 3 → 2 processes, respectively. It has been
shown [96, 97] that the NLO cross sections are significantly larger than the LO ones. Therefore, we
mainly focus on these predictions.

Figure 13 shows the results by Zhou el al. (left) and Ko et al. (right) for the time-dependence of
the cc rapidity density at mid-rapidity. The value at the initial time τ0 corresponds to the initial hard-
scattering cross section, which is taken from FONLL calculations [98] with a correction for PDF nuclear
shadowing based on EKS98 [99] by Zhou et al. and from the PYTHIA 6 event generator [100] by Ko
et al., with slightly different values. Both calculations show a rapid increase after τ0 with a final value
that is larger by up to 80% than the hard-scattering value. The increase obtained for top LHC energy is
of about 15%. The predictions by BAMPS, with LO secondary charm production cross sections, show
smaller increases of about 30% and 10% at FCC and LHC energies, respectively [93].

The thermal charm production would result in an enhancement of charmed hadron production
at very low pT, with respect to the expectation from binary scaling of the production in pp collisions,
after correction for the nuclear initial-state effects (PDF modification), that should be measured using
proton–nucleus collisions. This enhancement provides a handle on the temperature of the QGP.
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Fig. 13: Time-evolution of the charm and anti-charm quark pair yield (per unit of rapidity at midrapidity)
for central Pb–Pb collisions at

√
sNN = 39 TeV: results by Zhou et al. [91] (also shown for

√
sNN =

5.5 TeV) and by Ko et al. [95] (the results by Ko et al. at 5.5 TeV are similar to those by Zhou et al.).

The abundance of charm quarks also has an effect on the QGP equation of the state, which includes
a dependence on the number of degrees of freedom. Inclusion of the charm quark in the lattice QCD
calculations results in a sizeable increase of P/T 4 ∝ nd.o.f. for temperatures larger than about 400 MeV.
This was discussed in more detail in Section 3.3.

4.2.2 J/ψ enhancement from (re)generation
The measurements of the nuclear modification factor of J/ψ at the LHC [101–104] are described by
models that include dissociation caused by colour-charge screening and a contribution of recombination
(usually denoted (re)generation) from deconfined c and c quarks in the QGP. In particular, this contribu-
tion describes the larger nuclear modification factor RAA (smaller suppression) at the LHC with respect
to RHIC, the larger RAA at low pT than at high pT and the fact that RAA(pT > 0) at the LHC is almost
constant from semi-peripheral to central collisions. There are essentially two classes of such models: the
kinetic transport models [105,106] calculate the time-evolution of the J/ψ yield using loss (dissociation)
and gain (recombination) terms; the Statistical Hadronization Model [107] assumes complete dissocia-
tion of the initially-produced J/ψ mesons and computes the J/ψ yield considering statistical hadronization
at the chemical freeze-out temperature.

In both approaches the (re)generation contribution is proportional to the rapidity density of cc
pairs in the QGP. It is, therefore, clear that this contribution is predicted to be much larger at FCC than
LHC energies, as a consequence of a) the larger hard-scattering production cross section of cc pairs and
b) the possible sizeable thermal production, that we discussed in the previous Section. In particular, the
hard-scattering production cross section is expected to increase by a factor about 2–2.5, depending on
the considered nuclear modification of the PDFs (e.g. with FONLL calculations and EKS98 nuclear
PDFs the factor is about 2, as shown in Fig. 13-left). Thermal production could lead to an additional
increase by a factor about 1.5, as shown in the previous Section. This could lead to the observation of an
enhancement of J/ψ production with respect to binary scaling of the yield in pp collisions, i.e. RAA > 1,
which would be a striking evidence of cc recombination from a deconfined QGP.

Figure 14 shows the predicted J/ψ RAA at FCC energy, as obtained with the Statistical Hadroniza-
tion Model (left) [108] and with the kinetic transport model by Zhou et al. (right) [91]. The Statistical
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Fig. 14: Nuclear modification factor RAA of J/ψ mesons at LHC and FCC energies. Left: RAA(pT >
0) as a function of centrality (number of nucleons participating in the collision) from the Statistical
Hadronization Model [107, 108], without considering thermal charm production. Right: RAA(pT) in
central collisions from the kinetic model by Zhou et al. [91].

Hadronization Model uses only the initial hard-scattering cc cross section, without a thermal contribu-
tion. Even in this conservative scenario, the model predicts RAA(pT > 0) > 1 in central collisions and
an increase of about 40% with respect to top LHC energy. The kinetic model by Zhou et al. uses also the
thermal cc contribution as shown in Fig. 13 (left). This model predicts an enhancement at low pT with
RAA values between 1.1 and 1.6, depending on the assumed nuclear modification of the PDFs.

4.2.3 Colour screening and (re)generation for Υ(1S)?
The measurement of Υ production would be particularly interesting at the high energies and temperatures
reached at the FCC. The LHC data are consistent with a scenario in which the excited states 2S and 3S are
partially or totally suppressed by colour screening, while the 1S, which is the most tightly bound state,
has no or little direct melting. Its suppression by about 50% can be attributed to the lack of feed-down
from the (melted) higher states (see e.g. Ref. [90] for a recent review). At FCC energies, on the one hand,
the temperature could be large enough to determine a full melting even of the tightly-bound 1S state, on
the other hand the large abundance of bb pairs in the QGP could induce substantial Υ (re)generation.

Results from a recent lattice-QCD calculation of spectral functions of the bottomonium states
are shown in the left panel of Fig 15: they have been obtained for different, increasing temperatures,
indicated in units of the critical temperature Tc for QGP formation (Tc ≈ 155 MeV). The suppression of
the excited states is quite evident, as well as the persistence of the fundamental Υ state, up to about twice
the critical temperature. However, should this trend persist, one could anticipate a strong suppression of
the fundamental state Υ(1S) at FCC energies.

Accurate estimates of the bottomonium spectral functions up to higher temperature of 4–5 Tc (i.e.
700–800 MeV) are needed to refine these expectations. For what concerns accuracy, while general,
qualitative features of the results are robust, and all consistent with the sequential suppression scenario,
quantitative results are very difficult to obtain. Systematic comparisons of different methods are now
starting and will produce robust results soon [111–113]. This is especially likely for bottomonium,
whose analysis can be done within the NRQCD (non-relativistic QCD) formalism, which remains valid
in the range of temperatures explored at the FCC. A further challenge is posed by the high temperature
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temperature. Right: RAA for Υ(1S) in Pb–Pb collisions at

√
sNN = 40 TeV as predicted by the Statistical

Hadronization Model [107, 110].

reached at the FCC: on the lattice the temperature is realised as the inverse of the temporal extent of the
box. Since many points are needed in the same temporal direction, high temperatures imply very fine
lattices, hence a very large number of spatial points, needed to approximate an infinite spatial volume.
To some extent this issue can be dealt with by use of asymmetric lattices, but such simulations remain
computationally very demanding, and so far the temperatures have been limited to T < 2Tc. A very
fascinating possibility is to be able to make contact with high temperature perturbation theory, matching
lattice spectral functions at FCC temperatures with perturbative ones. In summary, an accurate calcula-
tion of bottomonium spectral functions at FCC temperatures requires advances in methodology, which
are underway, to keep systematic errors under control, and a consistent investment in computer time to
reach the required high temperatures.

Another important question is whether the Υ states reach equilibrium with the surrounding QGP
constituents. This is prerequisite for colour-screening to apply and it is implicitly assumed in the lat-
tice QCD calculations of the spectral functions. Measurements of pT distributions and elliptic flow of
bottomonium states of B mesons would shed light on this aspect.

The possibly dramatic effect of (re)generation of bottomonia from b and b quarks is illustrated by
the prediction of the Statistical Hadronization Model [107, 110] for the RAA of Υ(1S) as a function of
centrality, shown in the right panel of Fig. 15. Like for charmonium, this model assumes full melting of
the initially-produced bottomonia and generation at the phase boundary. The predictions are calculated
for values of dσbb/dy in nucleon–nucleon collisions at

√
s = 40 TeV ranging from 73 to 163 µb, as

obtained from the MNR NLO calculation [114] with usual parameter variations and without nuclear
modification of the PDFs (nuclear shadowing of small-x PDFs is expected to decrease the cross section
by about 60–90%). These cross sections result in a total number of bb pairs ranging from 15 to 40 in
central Pb–Pb collisions. Depending on the value of the bottom cross section, the Υ(1S) RAA in central
Pb–Pb collisions is predicted to range between 0.3 and 1.2.

The role of the two effects —degree of survival of initial bottomonia and contribution of
(re)generation— could be separated by means of precise measurements of the bb cross section, an es-
sential ingredient for (re)generation calculations, and of the B meson and Υ RAA and elliptic flow v2.
The elliptic flow measurements would be particularly important because the regenerated Υ states could
exhibit a v2 such that 0 < vΥ

2 < vB2 .
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5 Small-x and nPDF studies 5

5.1 Small-x and nPDF studies in hadronic p–A and A–A collisions
5.1.1 Introduction: small x and factorisation
More than 30 years ago, the idea of parton saturation was proposed [115, 116]: with BFKL [117, 118]
linear evolution, the multiplication of partons with small values of momentum fraction x leads to par-
ton densities so high that non-linear dynamics (gluon recombination, multiple scattering, . . . ) becomes
important. Such non-linear effects would tame the growth of parton densities from power-like to loga-
rithmic, a phenomenon known as “saturation”.

In the case of proton–nucleus and nucleus–nucleus collisions, where nuclei with large mass num-
ber A are involved, the non-linear effects are enhanced by the larger density of gluons per unit transverse
area of the colliding nuclei. The high density of gluons at small x and small Q2 induces a suppression
of the observed hard scattering yields with respect to expectations based on a scaling with the num-
ber of binary nucleon–nucleon collisions. This reduction affects the kinematic region dominated by
small-x gluons: low transverse momentum pT and forward rapidity y, since, at leading order, we have
x ≈ pT exp(−y)/

√
sNN.

Data from Deeply Inelastic Scattering (DIS) experiments on nuclear targets were analysed in terms
of nuclear Parton Density Functions (nPDFs) within the linear-evolution DGLAP framework. The results
are normally reported as a modification ratio Ri of the parton distribution functions of the nucleon in the
nucleus, fA

i (x,Q2), with respect to those of the free nucleon, fN
i (x,Q2),

RA
i (x,Q2) =

fA
i (x,Q2)

fN
i (x,Q2)

, (4)

where i = qv, qsea, g for valence quarks, sea quarks, and gluons. We have shadowing, RA
g < 1, for

x<∼ 5×10−2. Significant differences between nPDFs of nuclei and the PDFs of free protons were found,
both at high x (the ‘EMC effect’ [119]) and at low x, where a depletion is seen which is referred to as
‘nuclear shadowing’.

The usage of nPDFs allows some of the high-density effects at small x to be absorbed in the non-
perturbative description of the PDFs within the framework of perturbative QCD collinear factorization.
However, factorization is expected to break down when the gluon phase-space becomes saturated. In
these conditions, in the collision with an incoming projectile parton, the partons in the target nuclear
wave function at small x would act coherently, not independently as assumed with factorization. In the
limit, they may form a Colour Glass Condensate (CGC, see e.g. Ref. [120] for a recent review): a system,
that can be described in analogy to a spin glass, where gluons (colour charges) have a large occupation
number, as in a condensate. The CGC theory relies on the resummation of powers of parton density.

The onset of saturation is usually discussed in terms of the so-called saturation scale Q2
S, defined

as the scale at which the transverse area of the nucleus is completely saturated and gluons start to overlap.
This happens when the number of gluons, ∼ Axg(x,Q2

S), multiplied by the typical gluon size, ∼ 1/Q2
S,

is equal to the transverse area, ∼ πR2
A. Thus:

Q2
S ∼

Axg(x,Q2
S)

πR2
A

∼ Axg(x,Q2
S)

A2/3
∼ A1/3x−λ ∼ A1/3

(√
sNN

)λ
eλy , with λ ≈ 0.3. (5)

Q2
S grows at forward rapidity, at high c.m.s. energy, and it is enhanced by a factor about 6 ≈ 2001/3 in

the Au or Pb nucleus, with respect to the proton. Saturation affects the processes in the region Q2<∼Q2
S,

where gluon recombination dominates and factorization may start to become invalid. Figure 16 illustrates
how saturation comes about in the high density regime, which can be achieved by decreasing the value
of x (left panel) and/or increasing the mass number A of the colliding objects (i.e. using nuclei instead
of nucleons; right panel).

5Editors: N. Armesto, D. d’Enterria, M. van Leeuwen
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Fig. 16: Left: illustration of linear (dilute) and non-linear (dense) domains in the kinematic x–Q2 plane,
Q2 being the inverse squared transverse resolution, and the different evolution equations. Right: the same
but in the x–A plane. The red line indicates the separation between the dilute and the dense regimes,
given by the saturation scale QS(x).

There is an intrinsic relation between the parton density evolution that can be used in the dilute
and dense regimes and the kind of factorisation that, if existing, should be employed to compute particle
production in collisions involving hadrons and nuclei. In the dilute regime, collinear [121] or kT [122–
125] factorisations can be applied in the hard and semihard regions, respectively. The corresponding
evolution equations are DGLAP [126–129] and BFKL. In the dense regime, the situation is not yet
clear. For scattering of a dilute projectile on a dense target, single inclusive hadron production has been
computed at NLO [130, 131] and the corresponding JIMWLK evolution equation, an infinite hierarchy
of coupled evolution equations for traces of Wilson lines, is also known at NLO [132–134]6.

At present, no conclusive evidence has been provided for the existence of saturation, although
a number of observations are consistent with expectations from gluon saturation, as discussed in the
following.

i. The degrading quality of DGLAP fits when HERA data at moderate Q2 (which by DIS kinematics
is linked to small x) are included in the fit [138], while fits done within saturation do not show
such degradation [139]; the degradation, however, is quantitatively small and the freedom in the
choice of initial conditions and of the scheme for treating heavy flavours still sizeable.

ii. The success in describing the factorisation between the energy and centrality dependencies of
charged particle multiplicities at mid-rapidity [12]; this observable is likely to be affected by final-
state collective and non-perturbative effects that are not included in saturation models.

iii. The ridge structure (two-particle correlations that are independent of rapidity and strongly colli-
mated in azimuth at 0 and 180 degrees) observed in pp and p–Pb collisions at the LHC that can
be explained in CGC-type models [140]; yet, the explanation is not unique and the possibility of
final-state collective effects in such small systems is currently under debate.

iv. The suppression of inclusive particle production [141,142] and the reduction of back-to-back cor-
related yield at forward rapidities in d–Au collisions at RHIC [143–146]; still, the experimental
data lie so close to the kinematical limit that tiny additional effects may affect their interpretation,
and at RHIC the probed values of x are not that small.

Note that points (i) and (ii) are related to the fact that the geometric scaling that experimental data
6The pathologies of this equation, related to those of NLO BFKL, are understood and several solutions involving resumma-

tion have been proposed [135–137].
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S(x) for
A = 208 are shown for illustration.

show [147–149] finds a natural explanation in saturation models, but it is also shown by e.g. DGLAP
dynamics [150].

In order to firmly establish the existence of this new high-energy regime of QCD and clarify the va-
lidity of the different approaches to factorisation and evolution, new kinematic regions must be explored
using higher collision energies in order to have a large lever arm inQ2 in a region that, while perturbative,
lies inside the saturation domain. The FCC offers such energies and the possibility of combining proton
and nuclear beams, as required for a detailed understanding of the mechanism underlying saturation. In
Fig. 17 the coverage of the x–Q2 plane of present facilities (nuclear DIS and Drell-Yan experiments,
proton–nucleus colliders RHIC and the LHC in the left panel, and ultra-peripheral nucleus–nucleus col-
lisions at RHIC and LHC using exclusive quarkonium production in the right panel) is compared with
that of p–Pb collisions at FCC energies (proton momentum of 50 TeV and Pb momentum per nucleon of
19.7 TeV) and photon–Pb collisions at FCC energies (the latter will be discussed in Section 5.2). In the
left panel, the coverage is calculated for an experimental acceptance reaching rapidity in the laboratory
frame ylab ≈ η = 6.6. The diagonal lines represent constant ylab values 0, 1, ..., 6. The estimate of the
saturation scale Q2

S(x) for Pb is also shown. The figure shows that coverage below the saturation scale is
much larger at FCC than at LHC, reaching for example down to x values well below 10−6 and Q2 values
of 10–20 GeV2 at a rapidity of 5, which could be well within reach of an experiment at the FCC.

Establishing the dynamics at small x and the type of factorisation to be used to compute particle
production will constrain the initial conditions for the collective behaviour of the medium produced in
high-energy nucleus-nucleus collisions [151]. It will also clarify the dynamics leading the approximate
thermalisation or isotropisation [152] that allows the use of relativistic hydrodynamics to describe such
collectivity. Note that the extraction of properties of the QGP is significantly affected by both the initial
conditions and the pre-equilibrium dynamics, see e.g. [153]. The need for more precise information
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Fig. 18: Comparison of the nuclear modification factor (defined as the ratio of a given parton den-
sity in a bound proton over that in a free proton) for different parton species at Q2 = 4 GeV2 for a
Pb nucleus. Lines correspond to DGLAP analyses at NLO: EPS09 [88], HKN07 [155], DSSZ [156]
and nCTEQ15 [157]. Bands correspond to the uncertainty in the respective Hessian analyses. Taken
from [157].

about the partonic structure of nuclei also holds for hard processes, where the lack of knowledge of
nPDFs, illustrated in Fig. 18, compromises the precision for extraction of transport properties of the
QGP from the comparison of theoretical calculations to data on hard probes. The information that is
coming from p–Pb collisions at the LHC has not yet provided large constrains, see [154].

As a final remark, we should indicate that although important progress has been achieved lately
in advancing calculations of different observables in the CGC, several aspects are still missing. For
example, the resummed evolution equations discussed previously have not been fully used although the
NLO impact factor for DIS is available [158, 159]; the calculation of many single-inclusive observables
apart from hadrons is still missing, see [151]; much progress is undergoing on two-particle correlations
to understand the origin of azimuthal asymmetries and the ridge in pp and p–A collisions [160].

5.1.2 Possible signatures of the CGC using forward-rapidity hadrons and photons in p–Pb collisions
The simplest way to probe the gluon density in protons and nuclei is by studying inclusive particle
production. In particular, nuclear modification ratios RpPb are used to explore the nuclear modification
of parton densities and saturation effects due to the larger density of gluons in nuclei than in protons
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bias p+A collisions [162, 163]. The bands show the uncertainty related to the scaling of the initial
saturation scale in nuclei.

included in the CGC. The nuclear modification factor RpPb is defined as:

RpPb =
d2σ/dpTdy

∣∣
pPb

A d2σ/dpTdy|pp

, (6)

i.e. by taking the pT-differential cross section measured in p–Pb collisions and dividing by that in pp
collisions at the same energy, multiplied by the Pb mass number A. If the production in p–Pb follows a
scaling with the number of binary nucleon–nucleon collisions, then RpPb = 1.

It can be seen from Fig. 17 (left) that even measurements at mid-rapidity and pT < 10 GeV/c
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cover the saturation region with Q ≈ pT and x in the range 10−5–10−4, which is at much lower x and
therefore larger gluon density than measurements at the LHC. A forward measurement, for example at
η ≈ 4, would be even more interesting, as it covers x ≈ 10−6.

To illustrate how future measurements at the FCC are sensitive to gluon saturation, we present
a few selected calculations. It is, however, important to realise that there are significant uncertainties
in these calculations, since the currently available measurements do not provide precise constraints for
the saturation scale and some of the model details, such as the dipole cross section parametrisation.
This uncertainty is closely related to our earlier statement that the CGC or saturation effects have not
been unambiguously identified yet. In addition to this, the calculations for FCC energies require a large
extrapolation of available constraints from data at x ≈ 10−4–10−3 to lower x. Measurements at the
larger energies available at the FCC are the only possibility to find out how the gluon density at small x
behaves in Nature.

Figure 19 shows the expected nuclear modification factor for charged particles at two different
rapidities, computed using the state-of-the-art NLO calculations available [130, 131, 161]. A modest
increase of the suppression at low pT . 4 GeV/c compared to the expectation for LHC is visible7.
Figure 20 (left) shows an example of the expected direct photon production in the CGC framework at
LO approximation in the hybrid approach using the rcBK formalism. The ratios of particle production
at different pseudorapidities explicitly probe the evolution of the gluon density in x. A clear suppression
of direct photon production at moderate pT . 6 GeV/c is visible in the figure. At higher pT, a modest
suppression by about 10-20% is still visible. When comparing Fig. 19 and the left panel of Fig. 20, a
larger effect of gluon saturation is seen for direct photon production. Such a difference between charged
hadrons and photons could be qualitatively expected8 since hadron production is sensitive to both the
quark and gluon densities, while the dominant production mechanism for direct photons is quark–gluon
Compton scattering, which is directly sensitive to the gluon density [164].

Measurements of dijets or back-to-back two-particle correlations offer more potential to experi-
mentally constrain the probed x region, in particular at low pT where multiple-interaction effects may
also play a role. Color Glass Condensate models make a specific prediction that the recoil jet is sup-
pressed, because (mini-)jets can be produced by scattering a parton off the color field in the nucleus
where the recoil momentum is carried by multiple gluons, unlike in a standard (semi-)hard 2-to-2 scat-
tering where all the recoil momentum is carried by a single jet [145,162,165]. A suppression of the recoil
yield has been observed at lower energies at RHIC [144], close to the kinematic limit, where suppression
of the yield by multiple scattering or energy loss in the initial state may also be important [166, 167]. At
the FCC, such measurements can be performed over a broad kinematic range in both x and Q2, which
will allow to disentangle different effects.

The potential of recoil measurements at FCC is illustrated in Fig. 20 (right), which shows the
azimuthal distribution of π0 recoiling from a prompt photon trigger particle, both at forward η = 3. The
double-peak structure on the away side is a characteristic prediction of CGC calculations [162,168]. The
recoil signal at FCC energies is smaller than at the LHC due to the larger gluon density at lower x.

The recoil suppression can be also be explored using dijets at forward rapidity [169, 170]. Fig-
ure 21 shows the expected broadening of the ∆φ distribution in p–Pb versus pp collisions at the FCC (left
panel, the p–Pb curve as been divided by A), as well as the expected nuclear modification factors for di-
jets as a function of the transverse momentum of the leading jet pT,jet, in the recoil region (middle panel,
for ∆φ ≈ π) and in the “underlying event” region (right panel, for ∆φ away from π). Both jets have
rapidity 3.5 < yjet < 4.5. A clear suppression is visible –strongest in the recoil region– which persists

7The magnitude of the effect is very sensitive to the specific form employed for evolution and to whether the calculation is
done at LO or at NLO. Furthermore, the formalism employed in these calculations is expected to work better in p–A than in
pp. This fact would amount to a sizeable uncertainty in the ratio.

8Nevertheless, it must be kept in mind the existence of sizeable uncertainties due to differences in the order in perturbation
theory and in phenomenological details between both calculations.
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Fig. 21: Dijet yield suppression [169]. Left: azimuthal angle distribution in pp and p–Pb collisions
(p–Pb curve divided by A). Middle and right: ratio of dijet yield in p–Pb and pp collisions as a function
of pT,jet for jet pairs with pT,jet > 20 GeV/c and 3.5 < yjet < 4.5 at LHC and FCC energies, for
back-to-back pairs (right panel) and pairs in the underlying even region ∆φ ≈ π (middle panel).

to much larger pT,jet > 100 GeV/c than at LHC, where the suppression is small at pT,jet ≈ 50 GeV/c.
These calculations clearly show that the effects of saturation are expected to persist to high pT, much
larger than the saturation scale, as long as the transverse momentum imbalance of the dijet system does
not exceed a few times QS. We note that an optimistic scenario was considered for the ratio QS,Pb/QS,p,
whose value at FCC energies is a bit uncertain.

5.1.3 Constraining nuclear parton densities at largeQ2

5.1.3.1 Constraining nPDFs with W and Z production in p–Pb collisions

The production of on-shell W and Z bosons at hadron colliders probes the PDFs at large Q2 ∼M2
W,Z ∼

104 GeV2 and at momentum fractions around x1,2 = (MW,Z/
√
s) e±y such that an order of magnitude

increase in
√
s from the LHC to the FCC extends the small-x reach similarly by an order of magnitude. In

addition, the cross sections are larger and the rapidity distributions broader such that these cross sections
could be more easily measured (with wide-enough detectors) in a larger phase space than at the LHC. The
increase of the production cross sections (computed at NLO by MCFM [171] using CT10NLO proton
PDFs [172]) from RHIC energies to the FCC is illustrated for the case of Z production in the left-hand
panel of Fig. 22. Due to the large FCC energy, the expectations are that within most of the experimental
rapidity coverage (here assumed |yFCC| < 4) the cross sections are suppressed due to shadowing in
nuclear PDFs, whereas at the LHC (here, |yLHC| < 3) the probed region is on both sides around the
anti-shadowing peak. This is sketched in the right-hand panel of Fig. 22, which shows the approximate
x intervals probed at the LHC and FCC including the average nuclear modifications of sea and valence
quarks according to EPS09 nuclear PDFs [88] at scale Q2 = (100 GeV)2.

Estimates of the rapidity distributions in p–Pb collisions at the FCC with and without nuclear shad-
owing are shown in Fig. 23 for W (left-hand panel) and Z production (right-hand panel). As expected,
the predictions based on EPS09 nuclear effects show suppression down to y ∼ −3. The uncertainties
on the size of the nuclear effects might be significant. This is caused by the simplified functional forms
assumed for small-x distributions (for the lack of experimental high-Q2 data at small x), but also by
the fact that the partonic channels that contribute at the FCC are more diverse. Indeed, the scatterings
between heavier sea quarks (e.g. cs and sc inW production, ss and cc in Z production) play a significant
role at the FCC energies, while the currently available nuclear PDFs analyses have not extensively tuned
e.g. the s-quark distribution.
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5.1.3.2 Constraining nPDFs with top-quark pair-production

At hadron colliders, top quarks are produced either in pairs, dominantly through the strong interaction, or
singly through the weak interaction. At the energies considered here, the dominant production channels,
as obtained at NLO accuracy [86] with the MCFM code [171], are (Fig. 8 left): (i) gluon-gluon fusion,
g g → tt + X , contributing by 80–95% to the total pair production (the remaining 5–20% issuing from
quark-antiquark annihilation), (ii) t-channel single-top electroweak production q b → q′ t + X (the s-
channel process, decreasing with energy, amounts to 5–1.5% of the total single-t cross section), and
(iii) associated top plus W -boson, g b → W t + X , production (increasing with energy, it amounts to
25–50% of the t-channel process). In pp collisions at the LHC, top-quark production is already being
used as a high-precision tool to constrain the gluon distribution function in the proton at next-to-NLO

32

CHAPTER 4: HEAVY IONS AT THE FUTURE CIRCULAR COLLIDER

666



√
s

√
s

Pb + Pb→ tt + X→ bb + `+`− + νν + X

√
s = 39TeV

√
s

√
s

√
s

p + Pb→ tt + X→ bb + `+`− + νν + X

√
s = 63TeV

√
s

Fig. 24: Left: FCC pseudodata for nuclear modification factors expected in Pb–Pb (upper panel) p–Pb
(lower panel). Right: Original EPS09 gluon nuclear modification at Q = mtop and estimated im-
provement in it obtained by reweighting using the Pb–Pb (upper panel) and p–Pb (lower panel) FCC
pseudodata. The figures are adapted from Ref. [86].

(NNLO) accuracy [173]. At the energies attainable in p–Pb and Pb–Pb collisions at the FCC, the same
studies would be feasible also for the nuclear PDFs. The top-quark, the only coloured particle that
decays before its hadronization, decays almost exclusively into a t→W b final-state with a nearly 100%
branching ratio, and the W can themselves decay leptonically (t→W b→ ` ν, b, one-third of the times)
or hadronically (t → W b → qq b, two-thirds of the times). Its short lifetime, τ0 = ~/Γt ≈ 0.1 fm/c,
implies that most of the (non-boosted) top quarks will decay before any significant gluon radiation and
before the formation of any strongly-interacting medium (typical QGP formation times are O(1 fm/c)).
To avoid any potential bias from parton energy loss effects on the top-decay quarks, one can study nPDFs
by analysing the distributions of the (isolated) charged leptons (` = e, µ) in events clearly identified as
containing top-quarks. To estimate the impact that the FCC would have on nuclear gluon densities the
computed top-pair cross sections in pp, p–Pb and Pb–Pb with analysis cuts (see discussion for Table. 3)
have been binned in the rapidity y` of the decay leptons. In the p–Pb and Pb–Pb cases the calculations
include EPS09 nuclear modifications [88] for PDFs.

The left panels of Fig. 24 show pseudodata distributions for the expected nuclear modification fac-
tors RpPb(y`) = dσpPb(y`)/(Adσpp(y`)) and RPbPb(y`) = dσPbPb(y`)/(A

2 dσpp(y`)) in minimum-
bias collisions (Table 3). The assigned uncertainties include statistical errors based on the luminosities
of 8 pb−1 and 33 nb−1 for p–Pb and Pb–Pb, a 5% uncorrelated systematic uncertainty, and an overall 5%
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normalization error. The effects these pseudodata would have in EPS09 global fit of nuclear PDFs are
quantified via the Hessian reweighting technique [174]. The expected impact of these measurements on
gluon PDF nuclear modification factor RPb

g (x,Q2) = gPb(x,Q2)/gp(x,Q2) at Q2 = m2
top are shown

in Fig. 24 (right). The uncertainties on the nuclear gluon PDF are observed to reduce by more than 50%
in some regions of x.

5.1.3.3 Constraining nPDFs with dijets in p–Pb collisions

Dijet measurements at LHC have proven to be sensitive to the shadowing and anti-shadowing of quarks
in nPDFs. A shift of the average rapidity of the dijet system for jets with pT > 100 GeV/c was observed
in p–Pb collisions [175]. This shift is consistent with the expectations from (small) modifications due to
nuclear parton density functions. Precision measurements of this type can thus improve our knowledge
of nuclear PDFs in regions that are not well constrained by existing measurements [176].

5.1.4 Relation with the proposed electron–hadron colliders
Electron–proton/ion colliders at high energies, while having smaller kinematic coverage with respect to
hadronic colliders, offer the advantage of fully constrained kinematics and a much cleaner experimental
environment. It is widely recognized that the physics programs at electron–proton/ion colliders and
hadron colliders are complementary, and that the precise data obtained from electron–proton/ion colliders
can further enhance the physics opportunities of hadron colliders. In the context of the Electron-Ion
Collider in the USA [177], that is already included in the NSAC 2015 Long Range Plan, this general
argument has been substantiated in detail and the synergies between the ongoing RHIC program and
an EIC project are documented. In the context of the LHC hadron collider program, the Large Hadron
Electron Collider LHeC [178] and the FCC-he are proposed facilities to provide electron-proton/ion

Fig. 25: Regions in the x − Q2 plane already studied in present DIS and DY experiments (light green),
and accessible at the LHeC (dark blue) and different versions of the FCC-he (light green and light blue),
and at the FCC p–Pb (black). Values of the saturation scale are shown for illustration.
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collisions in the TeV regime in the centre-of-mass. With the larger kinematic reach at the TeV scale,
these latter projects are well-positioned to reach conclusive evidence for the existence of a new saturated
regime of QCD. For that, the electron beam from an accelerator of about 60 GeV would collide with the
LHC or FCC proton or heavy-ion beams. The kinematic coverage of such machines is given in Fig. 25.
They are clearly complementary with the FCC-hh as they should provide a precise knowledge on the
partonic structure of nucleons and nuclei and on the small-x dynamics. Such knowledge will allow QCD
studies at hadronic colliders, both in pp and in p–A and A–A, to become rid of several of their most
important uncertainties, as PDFs and the values of αs and of heavy quark masses. They will also set the
benchmark for precision factorisation tests.

5.2 Exclusive photoproduction of heavy quarkonia
All charges accelerated at high energies generate electromagnetic fields which, in the equivalent photon
approximation (EPA) [179–181], can be considered as quasireal γ beams of very low virtuality Q2 <
1/R2, where R is the radius of the charge, i.e., Q2 ≈ 0.08 GeV2 for protons (R ≈ 0.7 fm), and
Q2 < 4 · 10−3 GeV2 for nuclei (RA ≈ 1.2A1/3 fm, for mass number A > 16). The photon spectra
have a typical E−1

γ power-law fall-off up to energies of the order of the inverse Lorentz-contracted
radius, ωmax ≈ γL/R, where γL =

√
sNN/(2mp) is the Lorentz factor of the proton or ion. Given that

the photon flux scales with the square of the emitting charge (Z2), the emission of quasireal photons
from the Pb-ion is strongly enhanced compared to that from proton (or electron) beams. The basic
characteristics of photon-induced interactions in “ultraperipheral” collisions (UPCs) of proton [182] and
lead (Pb) beams [183] —occurring at impact parameters larger than the sum of their radii and thereby
largely suppressing their hadronic interaction— at the FCC are listed in Table 4.

Exclusive photoproduction of vector mesons in UPCs of protons or ions —where an exchanged
quasireal photon “materializes” into aQQ bound state after interacting with the gluon field of the “target”
proton (ion), without breaking the colour flow and thereby leaving intact the incoming hadrons— is
depicted in Fig. 26 (left). Since in such processes the gluon couples directly to the c or b quarks and the
cross section is proportional to the gluon density squared, they provide a very clean probe of the gluon
density in the “target” hadron [184–186], with the large mass of the J/ψ and Υ mesons providing a hard
scale for pQCD calculations [187,188]. Exclusive quarkonia photoproduction was measured in electron-
proton collisions at HERA [189–192], and in ultraperipheral proton–proton and nuclear collisions at the
LHC [193–197].

Their measured cross sections rise steeply with photon-hadron centre-of-mass energy Wγp, fol-
lowing a power-law dependence W δ

γp with δ = 0.7–1.2 [190, 191], reflecting the steep rise in the gluon
density in the hadrons at increasingly lower values of parton fractional momentum x (Fig. 26, right). At
the FCC, J/ψ and Υ photoproduction will reach photon-hadron c.m. energies as large asWγ p ≈ 10 TeV,
and thereby probe the gluon density in the proton and ion in an unexplored region values of Bjorken-x as

Table 4: Basic characteristics of UPCs at the FCC-hh: (i) nucleon-nucleon c.m. energy,
√
sNN, (ii) beam

Lorentz factor, γL , (iii) maximum photon energy in the c.m. frame, ωmax, and (iv) maximum γ-proton,
γ-ion c.m. energy, Wmax

γp,γA.

System
√
sNN γL ωmax Wmax

γp,γA

(TeV) (×103) (TeV) (TeV)

pp 100 53.0 17.6 10.0
p–Pb 63 33.5 0.95 10.0
Pb–Pb 39 21.0 0.60 7.0
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Fig. 26: Left: Diagram representing exclusive quarkonia photoproduction in UPCs. Right: Dependence
of the exclusive J/ψ photoproduction cross section on the photon-hadron c.m. energy in the regions
covered by HERA, LHC and future FCC studies [198].

low as x ≈ M2
J/ψ,Υ/W

2
γp ≈ 10−7, at least two orders of magnitude below the range probed at the LHC

(Fig. 17, right). As discussed in Section 5.1.1, in such a low-x regime, non-linear (gluon recombination)
QCD effects may become important, leading to a saturation of the PDFs [199–201]. The evolution of the
cross section with energy is very sensitive to the underlying small-x dynamics as shown by the bands in
Fig. 26 (right) showing different theoretical predictions based on LO and LO pQCD calculations [202],
colour dipole formalism [203, 204], and gluon saturation approaches (labelled CGC) [198, 205, 206].

36

CHAPTER 4: HEAVY IONS AT THE FUTURE CIRCULAR COLLIDER

670



6 Contributions to other sectors of high-energy physics 9

6.1 Photon–photon collisions
In Section 5.2 we have discussed how the large electromagnetic fields produced by accelerated protons or
ions can be considered as quasireal γ beams of very low virtuality. Photon–photon collisions in UPCs of
proton [182] and lead (Pb) beams [183] have been experimentally observed at the LHC [195, 207–209].
Although the γ spectrum is harder for smaller charges –which favours proton over nuclear beams in the
production of heavy diphoton systems– each photon flux scales with the squared charge of the hadron,
Z2, and thus γ γ luminosities are extremely enhanced for ion beams (Z4 = 5 · 107 in the case of Pb–Pb).
Figure 27 (left) shows a typical γ γ process in UPCs (light-by-light scattering, in this particular case),
and Table 5 summarises the relevant parameters for ultraperipheral pp, p–Pb, and Pb–Pb collisions at
FCC energies.
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Effective photon–photon luminosities as a function of γ γ c.m. energy (Wγ γ) for five colliding sys-
tems at FCC and LHC energies: Pb–Pb at

√
s = 39, 5.5 TeV (at their corresponding nominal beam

luminosities); pp at
√
s = 100, 14 TeV (corresponding to 1 fb−1 integrated luminosities); and e+e−

at
√
s = 240 GeV (FCC-ee nominal luminosity per IP). The vertical dashed lines indicate the energy

thresholds for Higgs, W+W−, Z Z, and tt̄ production.

The figure of merit for UPC γ γ processes is the effective γ γ luminosity, dLeff/dWγ γ ≡
LAB dLγ γ/dWγ γ , where LAB is the collider luminosity for the AB system and dLγ γ/dWγ γ

is the photon–photon luminosity as a function of the γ γ centre-of-mass energy Wγ γ , ob-
tained integrating the two photon fluxes over all rapidities y, i.e., d2Lγ γ/dWγ γdy =
(2/Wγ γ)fγ/A(Wγ γ/2e

y)fγ/B(Wγ γ/2e
−y). Figure 27 (right) shows a comparison of the dLeff/dWγ γ

reachable as a function of Wγ γ for five different colliding systems at LHC and FCC energies. Two-
photon centre-of-mass energies at the FCC will reach for the first time the range beyond 1 TeV. Clearly,
Pb–Pb at

√
sNN = 39 TeV provides the largest two-photon luminosities of all colliding systems. The ef-

fective luminosities are very high up to large diphoton masses (in the next section we present a case study
for the measurement of light-by-light scattering above mγγ = 5 GeV that profits from the large photon
fluxes available at FCC). The vertical lines in Fig. 27 show the thresholds for photon-fusion production
of Higgs, W+W−, Z Z, and tt̄. All such processes, sensitive to different tests of the electroweak sector
of the Standard Model (SM) [210], such as anomalous quartic-gauge couplings and top-electroweak mo-

9Editors: D. d’Enterria, J.-P. Lansberg
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Table 5: Characteristics of γ γ → γ γ processes at the FCC-hh: (i) nucleon-nucleon c.m. energy,
√
sNN,

(ii) integrated luminosity LAB · ∆t (LAB are beam luminosities –for low pileup in the pp case– and a
“year” is ∆t = 107 s for pp, and 106 s in the ion mode), (iii) beam Lorentz factor, γL, (iv) maximum
photon energy in the c.m. frame, ωmax, and (v) maximum photon-photon c.m. energy,

√
smax
γ γ . The last

two columns are (vi) cross sections, and (vii) expected number of counts/year after selection cuts, for the
exclusive γ γ → γ γ process at masses above 5 GeV.

System
√
sNN LAB ·∆t γL ωmax

√
smax
γ γ σexcl

γ γ→γ γ N
cuts

γ γ

(TeV) (per year) (×103) (TeV) (TeV) [mγγ > 5 GeV]

pp 100 1 fb−1 53.0 17.6 35.2 240 ± 24 fb 50
p–Pb 63 8 pb−1 33.5 0.95 1.9 780 ± 78 pb 1 200
Pb–Pb 39 33 nb−1 21.0 0.60 1.2 1.85± 0.37 µb 16 500

ments, should have visible counts at the FCC(Pb–Pb) although dedicated studies need to be carried out
in order to estimate the significance of the corresponding observations.

Case study: light-by-light scattering
It has been demonstrated that one can detect the very rare elastic scattering of two photons in vacuum,
γ γ → γ γ, a simple yet unobserved process so far (Fig. 27, left), using the large quasireal photon fluxes
of the ions accelerated at TeV energies at LHC and FCC energies [211, 212]. Such a measurement at
the LHC will constitute the first-ever observation of a fundamental quantum mechanical process in the
lab, whereas at the FCC, due to the higher diphoton masses reached, one may be sensitive to physics
beyond the SM through new heavy charged particles contributing to the virtual loop in Fig. 27 (left)
such as, e.g., from SUSY particles [213]. Light-by-light (LbyL) scattering has also been proposed as a
tool to search for monopoles [214], axions [215], unparticles [216], low-scale gravity effects [217], and
non-commutative interactions [218].

We update here the results of Ref. [212] to account for factors ×6.5 and ×8 increase in the FCC
luminosities considered now for the Pb–Pb and p–Pb systems (see Section 2). The UPC final-state
signature is the exclusive production of two photons, A B

γ γ−−→ A γ γ B, with the diphoton final-state
measured in the central detector, and A,B = p,Pb surviving the electromagnetic interaction scattered at
very low angles with respect to the beam. In the equivalent photon approximation (EPA), the elastic
γ γ production cross section in UPCs of hadrons A and B factorizes into the product of the elementary
γ γ → γ γ cross section at √sγ γ , convoluted with the photon fluxes fγ/A,B(ω) of the two colliding
beams:

σexcl
γ γ→γ γ = σ(AB

γ γ−−→ Aγ γB) =

∫
dω1dω2

fγ/A(ω1)

ω1

fγ/B(ω2)

ω2
σγ γ→γ γ(

√
sγ γ ) , (7)

where ω1 and ω2 are the energies of the photons emitted by A and B, fγ/p(ω) is the spectrum derived from
the proton elastic form factor [219], and fγ/A(ω) the impact-parameter dependent expression for the ion
spectrum [220] including a correction equivalent to ensuring that all collisions are purely exclusive, i.e.,
without hadronic overlap and breakup of the colliding beams [221]. The MADGRAPH v.5 Monte Carlo
(MC) [222] framework is used to convolute the γ fluxes with the LO expression for the σγ γ→γ γ cross
section [223] including all quark and lepton loops, but omitting the W± contributions which are only
important at mγγ & 200 GeV. Inclusion of next-to-leading-order QCD and QED corrections increases
σγ γ→γ γ by a few percent only [223]. Propagated uncertainties to the final cross sections are of order
±10% (±20%) for pp and p–Pb (Pb–Pb) collisions, covering different form-factors parametrizations and
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Fig. 28: Left: Cross sections for γ γ → γ γ, with pair masses above 5 GeV, in ultraperipheral Pb–Pb
(top curve), p–Pb (middle) and pp (bottom) collisions as a function of c.m. energy [212]. Right: Yields
as a function of diphoton invariant mass for elastic γ γ, plus CEP-γ γ and QED backgrounds, expected
in Pb–Pb at FCC after analysis cuts.

the convolution of the nuclear photon fluxes. The obtained signal cross sections σexcl
γ γ→γ γ are listed in

Table 5, and plotted as a function of c.m. energies in the range
√
sNN = 1–100 TeV in Fig. 28 (left). The

increase in cross sections from LHC to FCC is of O(2–5). The cross sections are in at the µb level at the
FCC, clearly showing the importance of the Z4-enhanced photon-flux for ions compared to protons.

The detectable number of γ γ → γ γ events is estimated by considering nominal luminosi-
ties for each system, geometric detector acceptance, and reconstruction efficiencies. Standard trig-
ger+acceptance requirements (both photons with pγT > 2 GeV/c within |ηγ | < 5) reduce the yields
by εacc ≈ 0.3 (pp and p–Pb), and 0.4 (Pb–Pb). Accounting for typical offline γ reconstruction and
identification efficiencies (εrec,id γ ≈ 0.8 in the photon energy range of interest) results in final combined
signal efficiencies of εγ γ = εacc · ε2

rec,id γ ≈ 20% (pp, p–Pb) and 26% (Pb–Pb). The number of events
expected per year are obtained viaN excl

γ γ = εγ γ ·σexcl
γ γ ·LAB ·∆t (Table 5). The nominal p–Pb and Pb–Pb

luminosities are low enough to keep the number of simultaneous collisions well below one, but pileup
in pp is very high and only O(1 fb−1/year) can be collected under conditions that preserve the rapidity
gaps adjacent to the central γ γ system (unless one can tag the outgoing quasielastically-scattered pro-
tons [224]). Clearly, Pb–Pb provides the best signal counting rates, with statistical uncertainties of order
1/
√
N excl
γ γ ∼ 1%.

Three potential backgrounds share the same (or very similar) final-state signature as γ γ → γ γ: (i)
diphoton production through a quark-loop in the color-singlet exchange of two gluons, A B

g g−→ A γ γ B
(“central exclusive production”, CEP), (ii) QED γ γ → e+e− events, with both e± misidentified as
photons, and (iii) diffractive Pomeron-induced (IPIP , or γIP ) processes with final-states containing two
photons plus rapidity gaps. The latter diffractive and γ-induced final-states have larger pγ γT and diphoton
acoplanarities than γ γ → γ γ, and can be efficiently removed. However, the CEP gg → γ γ background
(observed at Tevatron [225] and theoretically described by the SUPERCHIC [226] MC) scales with the
fourth power of the gluon density and is a large potential background. In Pb–Pb at FCC(39 TeV), the
CEP cross section within |η| < 5 is indeed very large: σCEP

gg→γ γ [mγ γ > 5 GeV] = 1.3 nb ×2082 ×
(R

Pb/p

g )4 ≈ 14 µb (with a factor of ∼ 3 uncertainty) as obtained with SUPERCHIC 2.02 [227] and the

MMHT2014 PDFs [228], where R
Pb/p

g ≈ 0.7 is the Pb gluon shadowing according to the EPS09 nuclear
PDF modifications [88]. Typical CEP photon pairs peak at pγ γT ≈ 0.5 GeV/c and have moderate tails
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in their azimuthal acoplanarity ∆φγ γ , whereas photon-fusion systems are produced almost at rest. By
imposing very tight cuts in the pair momentum, pγ γT . 0.1 GeV/c and acoplanarity ∆φγ γ − π . 0.04,
the CEP γ γ can be reduced to ∼ 400 nb. The very large exclusive Pb–Pb

γ γ−−→ e+e− QED cross
section, σQED

γ γ→e+e− [me+e− > 5 GeV] = 26 mb according to STARLIGHT [229], similarly enhanced by
the Z4 factor as the LbyL signal, can be of concern if neither e± track is reconstructed or if both e±

undergo hard bremsstrahlung. Requiring both e± to fall within the central acceptance and be singly
misidentified as photons with probability fe→γ ≈ 0.5%, results in a residual γ γ → γ(e+) γ(e−) cross
section of ∼ 120 nb. After cuts, both backgrounds are thereby smaller than the expected visible LbyL
cross section of∼ 500 nb. Figure 28 (right) shows the γ γ invariant mass distributions for signal and CEP
and QED backgrounds (after cuts) in one Pb–Pb run at the FCC. We expect about N excl

γ γ ≈ 16 500 signal
counts (reaching diphoton masses above 100 GeV) compared to ∼ 13 000 and ∼ 4 000 CEP and QED
counts respectively. The overall (profile likelihood) significance of the signal in the integrated yields is
S ≈ 35, considering 20% and 50% theoretical uncertainties on LbyL and CEP yields respectively (the
QED background can be easily well-measured beforehand).

In summary, light-by-light scattering, a rare fundamental quantum-mechanical process that has
escaped experimental observation so far, can be measured at the LHC [211] and FCC [212] exploiting
the large quasireal photon fluxes in electromagnetic interactions of protons and ions accelerated at TeV
energies. The increase in γ γ → γ γ yields from LHC to FCC is ofO(200) thanks to factors of×30 larger
cross sections times luminosities, and ×2 in the experimental acceptance. The measurement of elastic
γ γ scattering at the LHC will be the first-ever observation of such fundamental quantum mechanical
process in the lab. At the FCC, the higher-masses of the produced diphoton system may be sensitive to
new-physics effects predicted in various SM extensions.

6.2 Fixed-target collisions using the FCC proton and lead beams
Fixed-target experiments have brought decisive contributions to particle and nuclear physics. They have
led to particle discoveries such as those of Ω−, J/ψ, Υ, etc., as well as evidence for the novel dynamics
of quarks and gluons in heavy-ion collisions. In accessing the high Feynman xF domain10 and in offer-
ing a number of options for polarised and unpolarised proton and nuclear targets, they have also led to
the observation of surprising QCD phenomena: the breakdown of the Lam-Tung relation, colour trans-
parency, higher-twist effects at high xF , anomalously large single- and double-spin correlations, and the
breakdown of factorisation in J/ψ hadroproduction at high xF in proton-nucleus collisions (see [230]
and references therein). The fixed-target mode indeed offers critical advantages that remain still nowa-
days difficult to challenge by collider experiments, and hence their complementarity. Let us emphasise
four of key assets, among others: accessing the high Feynman xF domain, achieving high luminosities
with dense targets, varying the atomic mass of the target almost at will, and polarising the target. It is
therefore legitimate to investigate the physics opportunities which are offered by the ultra-high energy
proton and lead beams of the FCC-hh impinging on a fixed target11. We will refer in the following to
such a set-up as to AFTER@FCC.

6.2.1 Colliding ultra-high-energy protons and ions on fixed targets
6.2.1.1 Fixed-target kinematics

Contrary to the case of colliding beams of equal energies for which the c.m.s. frame obviously corre-
sponds to the laboratory frame, one has to account for the boost (γlab

c.m.s.) and the rapidity shift (∆ylab
c.m.s.)

10xF is defined as the difference on the Bjorken x values for the two partons that enter the hard scattering process, xF =
x1 − x2.

11A list of physics opportunities offered by the use of the multi-TeV proton and lead LHC beams on a fixed target can be
found in Ref. [230]. We refer to Ref. [231] for the specific case of quarkonium studies, for spin physics to Refs. [232–236] and
for heavy-ion physics with lead beam to Refs. [231, 237, 238].
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between the c.m.s. frame of the fixed-target collision and the laboratory frame. These are respectively
γlab

c.m.s. =
√
s/(2mp) and ∆ylab

c.m.s. = ln(γlab
c.m.s. +

√
(γlab

c.m.s.)
2 − 1). Consequently, the available c.m.s.

energy is much lower than in the collider mode, on the order of 200–300 GeV in the FCC case depending
on the beam energy (see Table 6).

The region of central c.m.s. rapidities, yc.m.s. ' 0, is thus highly boosted at an angle with respect to
the beam axis of about one degree in the laboratory frame. The entire backward hemisphere, yc.m.s. < 0,
is thus easily accessible with standard experimental techniques. With the FCC, the rapidity shift is on
the order of 5–6, whereas it is 4.8 for the 7 TeV LHC beams (see also Table 6). A detector covering
2 < ηlab < 6 would thus cover nearly half of the physical phase space of the fixed-target mode. In terms
of kinematics, the advantage of such a mode running at ultra high beam energies is that particles nearly
at the end of the phase space at backward c.m.s. rapidities, which would not be detectable in the collider
mode, are at large angle and can be detected since they do not fly in the beam pipe.

Table 6: Comparison between the beam and kinematics parameters for the proposed FCC with proton
and lead beams [7] and that of the LHC, including the fixed-target energies, the boost (γlab

c.m.s.) and the
rapidity shift (∆ylab

c.m.s.) between the c.m.s. of the fixed-target collision and the laboratory frame.

p@LHC Pb@LHC p@FCC Pb@FCC

(25 and 5 ns spacing)

Beam Energy (Eb = Z
A
Ep) [TeV] 7 2.76 50 19.71

Number of bunches stored 2808 592 10600/53000 2072

Number of particles (Np) per bunch [108] 1150 0.7 1000/200 2.0

Circumference [km] 26.659 26.659 100 100

Revolution frequency [kHz] 11.25 11.25 3 3

Particle flux [s−1] 3.6× 1018 4.6× 1014 3.2× 1018 1.2× 1015

Nucleon–Nucleon c.m.s. energy (
√
sNN =√

2EbmN ) [GeV]
114.6 72.0 306.6 192.5

Lorentz factor (γlab
c.m.s. =

√
Eb
2mp

) 61.0 38.3 163.1 102.4

∆ylabc.m.s. = ln(γlab
c.m.s. +

√
(γlab

c.m.s.)2 − 1) 4.80 4.33 5.79 5.32

6.2.1.2 Beam extraction vs. internal gaseous target

There are two promising techniques to achieve the fixed-target mode with ultra-high energy beams: the
slow extraction by a bent crystal or an internal gas target. Both of them are currently being investigated
on the LHC beams.

For what concerns the slow extraction by a bent crystal, a first computation of the approximate
deflection efficiency as a function of crystal length, along the lines of [239] for a single pass, was pre-
sented for the FCC in [240]. It was found that the efficiency (excluding surface transmission) in Si (110)
is 84% for a 50 TeV beam at a deflection angle of 0.5 mrad, as approximately required for the passage
of a septum blade downstream which is required for further extraction. This efficiency corresponds to
an optimal crystal length of L/LD = 0.085, thus to a length of 1.6 m. It was, however, stressed that
such a length is probably overestimated since it was evaluated for a single pass only. Results of the order
20–30 cm are certainly not unrealistic.

The beam extraction may however not be the only way to perform fixed-target experiments at col-
liders. The injection of a small amount of gas into the detector region of a running machine is sufficient
to increase the probability of beam-gas interactions such as to reach large luminosities – yet at essentially
zero cost in terms of the beam lifetime. In fact, the LHCb experiment running at the LHC has imple-
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mented this idea. The initial objective of their system, referred to as SMOG for System for Measuring
Overlap with Gas (SMOG), was to monitor the beam luminosity [241]. SMOG has so far proven to be
functioning well, while not disturbing the primary beam12.

In order to derive the luminosities that can be expected in the fixed-target mode with the beams of a
future collider like the FCC, we need to account for some specific parameters (see Table 6), some of them
like the beam loss are not yet well known. Indeed, in the case of the extraction with the LHC beam with
a bent crystal positioned in the beam halo, an extraction flux corresponding to half of the beam loss has
been assumed [230, 242]. Lacking such numbers in the FCC case, we will take as a working hypothesis
that such a parasitic mode is reached with an extracted flux corresponding to 5% of the protons stored in
the FCC per fill.

Table 7 summarises the estimated luminosities for the two modes (slow extraction and internal
target), for the proton and Pb beams at the FCC. Two options for the internal target case are considered:
one is similar to the LHCb SMOG system with a slightly higher pressure; the other is inspired by the
HERMES target system used at DESY [243], which offers the possibility to have polarised hydrogen,
deuterium or helium targets. The injection of heavier inert gases is also possible. In this case, the limit on
the target density is determied by the maximum acceptable impact on the collider-mode luminisity and
by the detector readout capabilities. Yearly luminosities, as for AFTER@LHC, for the FCC proton beam,
range from 1 fb−1yr−1 up to 60 fb−1yr−1 with light targets and, for the Pb beam, from 40 nb−1yr−1 up
to 2 pb−1yr−1 with a long hydrogen target.

Table 7: For the FCC extracted beam, the extracted flux is calculated by assuming that 5% of the beam
is used per fill of 10 hours and the luminosities are calculated for the case of targets that are 1 cm thick
for Be and W and 1m long for liquid hydrogen. The values for the internal gas-target (à la SMOG) are
calculated using the same parameters as in [235] for an ideal gas at a pressure of 10−6 mbar in a zone
of 100 cm. Those for an internal gas storage-cell target (à la HERMES) are computed for a target areal
density of 2.5 · 1014 cm−2 (H2), 3.2 · 1014 cm−2 (D2) and 3.8 · 1013 cm−2 (Xe) [244]. A year is assumed
to be 107 s for p and 106 s for Pb for both FCC and LHC cases.

p@LHC Pb@LHC p@FCC Pb@FCC

Extracted beam on an external
target

liq. H / Be / W liq. H / Be / W liq. H / Be / W liq. H / Be / W

Extracted flux [s−1] 5 · 108 2 · 105 1.5 · 109 5.8 · 105

L(µb−1s−1) 2000 / 62 / 31 0.8 / 0.025 / 0.013 6000 / 190 / 93 2.32 / 0.072 / 0.036∫
dtL(pb−1yr−1) 20000 / 620 / 310 0.8 / 0.025 / 0.013 60000 / 1900 / 930 2.32 / 0.072 / 0.036

Internal gas target (SMOG
type)

ideal gas ideal gas ideal gas ideal gas

L(µb−1s−1) 10 0.001 8.9 3.3 · 10−3

∫
dtL(pb−1yr−1) 100 0.001 89 3.3 · 10−3

Internal gas storage-cell target
(HERMES type)

H2 / D2 / Xe H2 / D2 / Xe H2 / D2 / Xe H2 / D2 / Xe

L(µb−1s−1) 900 / 1200 / 140 0.12 / 0.15 / 0.02 800 / 1100 / 120 0.3 / 0.4 / 0.05∫
dtL(pb−1yr−1) 9000 / 12000 / 1400 0.12 / 0.15 / 0.02 8000 / 11000 / 1200 0.3 / 0.4 / 0.05

12 LHCb took data from proton-neon and lead-neon collisions over short periods during beam tests in 2012 and 2013, as
well as in 2015 from collisions of proton-neon (12 hours), proton-helium (8 hours) and proton-argon (3 days) at 110.4 GeV and
lead-argon (1 week) and proton-argon (a few hours) at 68.6 GeV.
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6.2.2 Physics opportunities
It is of course impossible to make an exhaustive list of the original measurements which can be carried
out with AFTER@FCC. We will limit our discussion here to some highlights. The list below would
certainly evolve with time with the future RHIC and LHC data. The c.m.s. energy range (per nucleon-
nucleon collisions) to be covered by such a setup would obviously not be new since it is that of RHIC
studies13 in pp collision from 200 to 500 GeV and d–A and A–A collisions at 200 GeV. Yet, the key
asset of the fixed-target mode, beside the much larger luminosities for the p–A systems than at RHIC,
is the extensive access towards very backward rapidities. This is crucial since it allows to study nuclear
effects in a wide rapidity range, thus to scan very different boosts between the probe and the nuclear
matter, be it hot (A–A collisions) or cold (p–A collisions). This may happen to be essential for instance
to disentangle the different processes involved in the quarkonium production in heavy-ion collisions. An
extensive rapidity coverage down to the target-ion rapidity can also help to study the origin of azimuthal
asymmetries, like the elliptic flow. Given the similarities with a setup like AFTER@LHC, we also
guide the readers to Refs. [230, 231, 231–238]. It has to be noted that measurements in the backward
c.m.s. region may require to look at probes with transverse momenta down to a few GeV. This is not an
issue since most of the particles released in the collisions fly forward; the multiplicities and the detector
occupancies in this region are expected to be easily tractable. It however remains to be studied if this can
be done with a detector also running in the collider mode with very high pT thresholds.

As it was discussed in [240], RHIC luminosities in pp collisions at 200 GeV are limited and could
not allow for the study of vector boson production close to threshold which can help us probe the large
x content in the proton and nucleus, 0.7 and above. These measurements are potentially sensitive to
threshold effects [245] which can also be relevant for the production of heavy BSM particles at colliders.
The production ofW andZ boson near thereshold could also enable the study of decay modes that cannot
be analysed at higher c.m.s. energies. Higgs boson production near threshold in p A collisions is very
challenging since gluons with enough energy to produce the Higgs boson are suppressed at high x, and
quark-induced reactions via vector boson fusion are disfavoured compared to gluon-gluon production.

With a longitudinally polarised target, the study of vector boson production opens the possibilities
to study (anti)quark helicity distributions in the proton at very large x. With deuterium and helium targets,
measurements can also be carried out on the neutron. Using a transversely polarised target allows one to
access transverse-momentum dependent distributions (TMDs) which are connected to the orbital angular
momentum carried by the partons. See [236] for a recent discussion for AFTER@LHC. The increase
in energy with AFTER@FCC, which is nearly three times higher, will allow one for studies of systems
with large scales where the applicability of the TMD factorisation will probably be even safer with more
event counts.

In summary, a setup as AFTER@FCC could be considered as a facility by itself opening a new
realm of investigations that would complement measurements carried out at RHIC and at lower energy
facilities.

13Not considering the so-called beam-energy-scan studies with limited luminosities.
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Abstract
In this chapter we explore a few examples of physics opportunities using the
existing chain of accelerators at CERN, including potential upgrades. In this
context the LHC ring is also considered as a part of the injector system. The
objective is to find examples that constitute sensitive probes of New Physics
that ideally cannot be done elsewhere or can be done significantly better at the
CERN accelerator complex. Some of these physics opportunities may require
a more flexible injector complex with additional functionality than that just
needed to inject protons into the FCC-hh at the right energy, intensity and
bunch structure. Therefore it is timely to discuss these options concurrently
with the conceptual design of the FCC-hh injector system.

Physics at the FCC-hh, a 100 TeV pp collider, edited by M. L. Mangano, CERN Yellow Reports: Monographs,
Vol. 3/2017, CERN-2017-003-M (CERN, Geneva, 2017)

2519-8041 – © CERN, 2017. Published by CERN under the Creative Common Attribution CC BY 4.0 Licence.
https://doi.org/10.23731/CYRM-2017-003.693

693

https://doi.org/10.23731/CYRM-2017-003.693


Fig. 1: Schematic view of the CERN accelerators system viewed as injectors of the future FCC-hh collider (FHC).

1 Introduction
The main problem we have in High Energy Physics (HEP) today is that we know there is physics beyond
the Standard Model (SM), as indicated for example by the existence of Dark Matter, and by the fact that
most probably New Physics (NP) is also needed to explain the origin of neutrinos masses, but we don’t
know at what energy scale(s) this NP appears. Conceptually, the SM does not include gravitational inter-
actions, it has no explanation for the replication of quark and lepton flavours and suffers from problems
related to the "unnatural" choice of its fundamental parameters. It may very well be that results from the
LHC in the coming years will give an unambigous indication of the relevant energy scale(s). Or it may
be that FCC will provide this insight. But it could also be that the energy scale(s) are beyond what the
LHC and even FCC can probe, which means that complementary approaches to increasing the available
energy with the FCC-hh accelerator complex can be of enormous scientific interest.

In this chapter we explore a few examples of physics opportunities using the existing chain of
accelerators at CERN, including potential upgrades. In this context the LHC ring is also considered as
a part of the injector system, becoming the High Energy Booster (HEB), see Fig.1. The objective is to
find examples that constitute sensitive probes of NP that ideally cannot be done elsewhere or can be done
significantly better at the CERN accelerator complex. Some of these physics opportunities may require
a more flexible injector complex with additional functionality than that just needed to inject protons into
the FCC-hh at the right energy, intensity and bunch structure. Therefore it is timely to discuss these
options concurrently with the conceptual design of the FCC-hh injector system.

We will briefly discuss in the next sections the option to extract multi-TeV protons from HEB
for tests of new detector concepts, the use of HEB for a very high luminosity experiment in collider
mode when HEB is not injecting protons to the FCC, or several proposals to use high intensity beams of
400 GeV protons from the SPS for fixed target experiments. If polarized protons are available from the
linear accelerator (LINAC4) one could also envisage to extract 0.7 GeV polarized protons (the "magic"
momentum) from the Proton Synchroton Booster (PSB) into a ∼ (40 − 120)m radius storage ring to
measure the proton Electrical Dipole Moment. In some of these examples, non trivial changes in the
design of the FCC-hh injectors are required.
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2 CERN hadron injector complex for FCC
The FCC hadron collider will require an injector chain capable of filling both rings with around 10’000
bunches of a few TeV protons. Studying the FCC implementation at CERN naturally involves the reuse
of the present tunnel infrastructure and hadron machines, up to and possibly including the LHC. With a
nominal FCC-hh injection energy of 3.3 TeV [1], the present LHC injector chains for protons and ions
need to be complemented with a HEB, which will perform the acceleration from 450 GeV at exit from
the SPS. Reuse of a suitably modified LHC is clearly a prime option for the HEB.

2.1 FCC-hh proton pre-injector chain
The beam parameters required for FCC-hh [1] are compatible with those delivered routinely to the
present LHC machine at 450 GeV [2]. The assumed FCC-hh proton injector chain is shown in Fig.1.

Apart from the HEB, and aside any considerations of equipment lifetime, the HL-LHC injector
chain could remain largely as it is for the FCC era. The parameters of the circular injectors in this chain
are shown in Table 1, as expected after the upgrades for HL-LHC.

Table 1: Parameters of proton accelerators in the LHC injector chain for LHC beams, after the LHC Injector
Upgrades (LIU) for HL-LHC.

Parameter Unit PSB PS SPS
Circumference m 157 628 6912
Extraction energy GeV 2.0 26 450
Cycle period s 1.2 3.6 22.8
Max beam population 1013 1.2 2.0 7.7
Beam power kW 3.2 23 240

2.2 FCC High Energy Booster options
Three main options for the HEB are being studied for FCC-hh at CERN. The key parameters which will
eventually decide between the different options are attainable FCC-hh injection energy, collider filling
time, availability and, of course, capital and operating costs.

While 3.3 TeV is the baseline FCC-hh injection energy for the study, optimisation is planned and
a different eventual HEB energy is very likely. This parameter affects the performance of the collider in
terms of beam physics and also in terms of magnetic field swing and harmonic control. Higher energies
would reduce some constraints in the FCC-hh collider, while increasing the challenges for the HEB and
its transfer lines. Lower energy injection will simplify the HEB and injector chain, at the cost of extra
complexity, reduced performance limits and risk to the collider.

Reusing the LHC as HEB offers a number of advantages over the alternative of building a com-
pletely new HEB, given the relatively limited changes needed to convert the existing, and very well-
known, LHC machine into the final piece of the injector chain. Alternatively, a new accelerator based in
the LHC tunnel using ∼ 6 T fast ramping superconducting dipoles could be considered.

For existing LHC re-use both rings are needed, to minimise FCC collider filling time. At least
two crossings are needed to keep the rings the same length, with injection, collimation, RF and beam
dump locations unchanged. The experiments and associated insertions in Points 1,2,5 and 8 would be
decommissioned, and new extraction systems accommodated in P1 and P8 for transfer to FCC-hh. The
new layout is shown schematically in Fig. 2. The details of the layout and the main changes needed to
the LHC are given in [3]. In addition, the ramp rate would need to be increased by a factor of about five
to fill the collider quickly enough, for which first feasibility considerations have been investigated [4].

The long straight section in LHC Point 5 which presently houses the CMS experiment would
be free in this configuration, for the possible accommodation of an extraction system for Fixed Target
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beams, or for a high luminosity experimental interaction point (IP) further discussed in Section 3.

Fig. 2: Main functional layout of LHC as HEB as FCC-hh injector

A second option for the HEB is a compact Booster in the 7 km SPS tunnel. Limiting the dipole field
to around 7 T (considered as a reasonable maximum for rapid-cycling at up to 1 T/s), the injection energy
for the FCC collider would be 1.5 TeV. The accelerator would be single aperture with two extraction
straights, a collimation straight, a beam dump straight, an injection straight and a RF straight, which with
the present SPS tunnel six-fold symmetry does not leave a spare straight for other dedicated purposes like
slow extraction. The study will need to determine whether an injection energy of 26 GeV is adequate,
given the swing in energy of above 50. For this option, the simultaneous conception as a 2×1.5 TeV
collider with a high luminosity IP looks improbable, as this functionality would completely dominate the
HEB design and cost.

The final option under consideration for the HEB is a 100 km accelerator in the FCC-hh tunnel,
which would be relatively low-cost (at least per unit length) and fast cycling with iron-dominated mag-
nets, but which would need to be powered by a superconducting drive cable to avoid prohibitive power
consumption. This so-called super-ferric option would have a low magnetic field of about 1 T to reach
3.3 TeV (if the full machine arcs were filled with dipoles). Again, the conception of this HEB option as
a collider seems improbable given the extra functionality required.

The parameters and main features of the SPS and the different HEB options are compared in
Table 2, including the potential beam power and estimated annual Proton on Target (p.o.t.) for an eventual
Fixed Target operation. For the SPS, the two columns represent a well-analysed [5] case of a short cycle
(e.g. CNGS or with a very short 1 s spill) operating in parallel with a long cycle with a spill of around
10 s length. For the HEB options, the spill length is chosen to limit beam power on the target during the
spill a rather arbitrary 5 MW, as this parameter may well be an important performance limitation at these
very high primary beam energies and long spill lengths. For the HEB in the FCC tunnel, the ramp rate is
limited by the RF system and not the ramping of the dipoles.

If all the available time that the injectors are not filling with protons the FCC-hh collider is used
for other purposes (fixed target experiments, or other specific experiments located at the injectors), this
will be about 80% of the SPS and 60% of the HEB operation. Realistic factors for operational efficiency
and transmission to the targets are included in the final p.o.t. estimates shown in Table 2.

An important caveat to note is that the annual p.o.t. quoted are realistic in terms of the cycling
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Table 2: Parameters of SPS and HEB options for Fixed Target beams

Parameter Unit SPS short/long HEB@SPS HEB@LHC HEB@FCC
Extraction energy TeV 0.4 1.5 3.3 3.3
Dipole field T 1.8 6.7 3.9 1.0
Dipole ramp rate T/s 0.6 0.1 0.006 0.008
Beam intensity 1013 p 4.5 6.3 30 120
Stored beam energy MJ 2.9 15 158 630
Min. Repetition period s 7.2/16.8 135 950 900
Beam power kW 400/170 110 170 700
Spill length s 1/10 3 32 125
Peak extracted power MW 2.9/0.3 5.0 5.0 5.0
FT hours per y h 4000 3000 3000 3000
Annual p.o.t. 1019 p 4.3/1.0 0.4 0.3 0.9

rate and machine intensity, but not necessarily as regards beam loss, activation and radioprotection con-
straints. These possible limitations are dicussed in Section 4.

3 Possibilities for a high-luminosity collider experiment in the HEB
If the modified LHC is used as HEB, an interesting option to investigate is to have an experiment able
to take proton-proton collisions at very high luminosities (O(1035Hz/cm2)) with good trigger and ac-
ceptance for "low PT" events (B, D, K and τ decays). ATLAS and CMS will have already cover most
of the "high PT" physics program at the LHC available energy by the end of the HL-LHC running at
instantaneous luminosities of 5 × 1034Hz/cm2 for a total of ∼ 3ab−1 integrated luminosity. However,
the LHCb current upgrade plan is to take proton-proton collisions up to instantaneous luminosities of
2 × 1033Hz/cm2 and integrate ∼ (0.05 − 0.1)ab−1. It is clear that there is a window of opportunity
to extend significantly this physics program using the LHC ring (both during the HL-LHC and the HEB
eras). One could envisage to perform also this sort of experiment as an additional interaction point at the
FCC ring at higher energies; however, the gain in cross section at those higher energies (a factor∼ 5) [6]
needs to be balanced against the increase in occupancies and available luminosity. It could very well
be that while an LHCb-like experiment at the FCC-hh collider can provide opportunities to study heavy
flavour production in a region of phase space previously unexplored, an LHCb-like experiment at the
HEB ring at very high luminosities can still be the best chance to study the B,D,K and τ decays with
unprecedented precision.

In the next sections we consider the physics case for such an experiment at HEB, and then discuss
possible scenarios in terms of accelerator performance.

3.1 Physics opportunities with a very high luminosity pp collider
The indirect search for NP through precision measurements in flavour transitions is as strongly motivated
as ever. It could very well be that in the coming years unambigous evidence of NP is seen in experiments
looking at neutral flavour changing transitions of quarks, like LHCb, NA62, KOTO or Belle-II, and/or
experiments specialized on neutral flavour changing transitions of leptons, like MEG-II, Mu2e, COMET-
II, neutrino oscillation experiments, etc... In such a situation, the case to improve on the precision will
be obvious. Furthermore, even without evidence for NP, an LHCb-like experiment at the HEB ring able
to take data at a rate of two orders of magnitude above the current LHCb upgrade design will provide a
unique opportunity to constrain viable models of a flavour theory.

Very rare decays which will be limited by the statistics available are a clear case. For instance,
the decay Bd → µ+µ− will be measured with a precision not better than 30% by ATLAS, CMS and
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LHCb due to the limited number of candidates, O(100), in data by the end of the HL-LHC era assuming
similar sensitivity as achieved in RUN-I [7]. If an LHCb like experiment in the HEB ring could increase
this to O(104) candidates, it could allow to determine the ratio: BR(Bd → µ+µ− )/BR(Bs → µ+µ− )
to a percent precision, allowing for a very stringent test of flavour models. Another excellent example
is the search for lepton flavour decays in τ± → µ+µ−µ±. The enormous charm and beauty production
at proton-proton colliders and subsequently of τ leptons from their decays has opened a new window
of opportunity increasing the τ production rate by five order of magnitude w.r.t. the e+e− B-factories.
Indeed, LHCb expects to reach sensitivities of O(10−9) with their upgrade [8], comparable with the ex-
pected sensitivity from Belle-II [9]. The five orders of magnitude increase in production rate at LHCb
compensates for the lower efficiency in a proton collider O(10−2) and lower integrated luminosity (0.05
ab−1 at LHCb vs 50 ab−1 at Belle-II). An LHCb-like experiment at the HEB ring could reach sensitivi-
ties of O(10−10) allowing for a strong test complementary to the searches for lepton flavour violation in
muon decays. Similar sensitivities seem to be feasible in a dedicated fixed target experiment at the SPS,
see Section 4.2.2.

Moreover, if the detector developments in the coming years proves feasible to have tracking de-
vices that provides also accurate timing information (O(10 ps)), it should be possible to identify the
production vertex in such a pileup environment (O(1000)) [10]. In such a case a time dependent analysis
of CP asymmetries in Bs → J/Ψµ+µ− decays should, for example, allow to improve on the determi-
nation of the phase in the Bs mixing. Indeed, ATLAS, CMS and LHCb expect to reach sensitivities of
∼ 5 mrad in φs, i.e. the phase of the Vts CKM coupling, by the end of the HL-LHC era extrapolating the
current sensitivities [11–13]. However, the indirect determination of φs is already known with a precision
better than 2 mrad from "tree level" measurements [14], i.e. measurements mostly not affected by NP in
the loops. An LHCb-like experiment at the HEB ring could reach a precision better than 1 mrad allowing
for a precise comparison between "tree measurements" and "loop measurements" to disentangle possible
NP contributing to the Bs mixing with similar precision as the B-factories have done in the past for the
Bd system.

3.2 Possible high luminosity insertion design in the different HEB lattices
At this preliminary conceptual stage, a dedicated high-luminosity experiment in the 7 km SPS or 100 km
FCC-hh tunnels is not considered feasible, since building the HEB from scratch as a collider would
dominate the design requirements, and increase significantly the cost and complexity of what should be
a minor part of the FCC project. The discussion here is therefore restricted to the case of the re-use of
LHC as HEB.

The beam parameters assumed for initial performance evaluation are those of HL-LHC: 3.3 TeV,
2.2×1011 p/bunch at 25 ns spacing, and 2.5 µm emittance. A 15 cm β∗ with a 12 σ separation requires
a crossing angle of about 0.86 mrad, and hence a crab-crossing system to prevent a punitive geometric
reduction factor. Such a crab crossing system is part of the HL-LHC baseline, and so can be assumed as
accessible for the FCC era. Under these conditions the instantaneous luminosity exceeds 1035Hz/cm2.
For a collider operating for 60% of the time, over a 200 day run the integrated luminosity would be
approximately 250 fb−1, assuming a Hübner factor of 0.2 [15]. Operating the HEB collider at 6.5 TeV
would effectively double this, to 2.2 × 1035cm−2s−1 instantaneous luminosity and 500 fb−1 per year.
These parameters do not appear impossible in terms of maximum beta, triplet aperture, tune shift, beam
brightness and stored energy.

To reach 1 ab−1 per year at 6.5 TeV (or 0.5 ab−1/y at 3.3 TeV) is more challenging and would
require more ambitious parameters, for instance operating at 2.4×1011p/bunch with 2.0 µm emittance
(corresponding to 33% higher brightness in collisison than the HL-LHC baseline) and 10 cm β∗. Here
the feasibility depends on whether the assumed performance of the injector chain for HL-LHC can be
improved upon by such a large factor, as well as the feasibility of operating with a 10 cm β∗ optics.
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4 Performance reach of Fixed Target beams extracted from the FCC injectors
The motivation for the provision of Fixed Target (FT) beams is for specific physics experiments where
the kinematics and experimental characteristics suit best this type of experiment, and also for detector test
beams, where fluxes of high energy particles are needed to characterise and develop detector concepts
and sub-assemblies. In addition, materials testing and radiation resistance may also require specific
test beam characteristics, as exemplified by the HiRadMat and CHARM facilities in operation today at
CERN [16, 17].

The limitations of the average power on the target are often linked to beam losses in the extraction
region and around the accelerator, which are much higher for slow extraction than for fast extraction.
The detector technology and performance therefore has a direct impact on the effective beam power and
protons on target (p.o.t.) that can be achieved.

4.1 Extraction types and limitations for Fixed Target beams
In general, detector technology means that FT physics experiments and test beams require relatively
long-duration, constant flux of particles, requiring slow extraction methods [18]. The key factors are
flux, stability and duty cycle. The SPS slow spill can provide 400 GeV protons over about 10 s, with a
total stored beam energy of up to 3 MJ approximately every 16 s.

The exceptions are typically those physics experiments where strong pulsed focussing elements
are needed to produce the required secondary beam characteristics and where detector occupancy is less
of an issue, or materials testing, both of which require much shorter extracted beam time structure and
can be served with fast single-turn extraction. Examples at CERN are the 450 GeV HiRadMat materials
test beam, which contains about 3 MJ of energy in a 8 µs spill, and the 400 GeV CNGS beam, which
contained two spills of 10.5 µs spaced at 50 ms intervals each containing about 1 MJ of energy every 6
seconds. In these domains target design constraints and target area irradiations considerations are also
very important.

In the SPS the slow extraction system already fully occupies one of the six straight sections,
using 90 m of space. At even higher energies the design of an extraction system becomes increasingly
problematic. Without new technical developments a conventional slow extraction system will be difficult
for 3.3 TeV beam energies, especially for an accelerator with a superconducting main magnet system,
given the low energy deposition limits in superconducting magnet coils. A significant study program is
needed to investigate whether slow extraction could be compatible with a superconducing HEB, and to
investigate the system design. There are aleady some promising technical directions: for instance a bent
crystal could possibly replace an electrostatic septum in the slow extraction channel, to provide a much
more compact and radiation resistant system. The use of bent crystals to provide strong deflections to
high energy protons has been demonstrated experimentally, and it is a possible new technology route to
a slow extraction system at multi-TeV energies [19]. Investigations and theoretical studies are ongoing
in SPS and LHC.

The achievable p.o.t. is limited by the beam intensity, the beam energy, acceptable beam loss
rates and also by the accelerator cycling rate, which for small accelerators is inherently faster than for
large machines. Beam losses and activation are major design issues for the extraction systems, affecting
machine operation, through the limitations on personnel doses, shutdown lengths, access restrictions, the
need for remote handling and cooldown-times. Ultimately these aspects often limit the achievable p.o.t.,
rather than the accelerator peak performance.

Increasing the protons available from SPS above the ballpark reach of 5×1019 p.o.t./y presently
demonstrated with fast extraction will rely on a combination of factors in the CERN complex. One
is improved beam loss control associated with the production of the FT beam in the PS, for which
the improvements in beam brightness from the HL-LHC related upgrades combined with a Multi-Turn
Extraction approach [20] is a possible solution. A target of 7×1013 p per SPS cycle has been discussed
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as a realistic target in the past [21], which seems reasonable as the HL-LHC beams will be closer to
8×1013 p per (longer) SPS cycle. The beam losses in the SPS during injection, capture and acceleration
also needs to be tightly controlled, but these will be overshadowed by the losses associated with the slow
extraction process itself. Here a significant improvement is needed to keep activation levels reasonable.
This could be via new approaches to the extraction, new technology for extraction equipment, remote
handling or new dectector technology allowing fast extraction spills. Finally, the primary beam targets
will also eventually limit the annual p.o.t., either through thermomechanical stress effects or average
beam power, or from activation in the target areas.

If extraction losses and activation contraints can be overcome, increasing the SPS FT beam inten-
sity to 7×1013 p per cycle could allow to reach the region of 8×1019 p.o.t./year.

4.2 Future opportunities using fixed-target beams at FCC-hh pre-injectors
4.2.1 Kaon Physics
One of the strongest constraints on the possible size of NP contributions comes from Kaon physics, in
particular the precise measurement of the mass difference (∆mK = m(KL) − m(KS)) and the CP-
violating quantities εK and ε′. This is because the SM suppression factors are smaller in the Kaon
sector, since the u and c-quark contributions to FCNC processes are very strongly suppressed by the
Glashow-Ilioupoulos-Maiani (GIM) mechanism, while that of the t-quark is strongly suppressed by the
Cabbibo-Kobayashi-Maskawa (CKM) matrix elements. There is great interest in decays with a neutrino
pair in the final state like K+ → π+νν and K0

L → π0νν as they are determined by short distance
physics. In these cases, there is a single operator that determines the decay rates within the SM and in
most NP scenarios.

The NA62 experiment [22] at CERN has the potential to measure the BR(K+ → π+νν) with
at least a 10% precision. With an expected signal acceptance of ∼ 10% and S/B>4.5, the experiment
requires ∼ 1013 K decays to achieve such goal. The CERN SPS provides 3× 1012 400 GeV protons on
target per 16.8 second spill, which produces a very high intensity K beam, resulting in 5 million Hz K
decays in a 60m long vacuum chamber. The sample available to the NA62 experimenters corresponds to
∼ 4.5× 1012 K decays whose flight path is in their acceptance per year (∼ 107sec). They expect to see
∼ 45 SM signal candidates per year with <10 background events [22].

The KOTO experiment [23] at KEK has the potential to reach a first observation of the decay
K0
L → π0νν at the level of the SM prediction, and has the goal to upgrade the facility such that it

allows for a ∼ 10% measurement of the branching fraction. The J-PARC accelerator is designed to
provide 2× 1014 30 GeV protons on target every three seconds. Moreover, the neutral K beam is highly
collimated (pencil beam) so that the reconstructed π0 momentum component transverse to the beam
direction can be used as a constraint.

Preliminary studies in the context of a PRIN grant in Italy, (KLEVER, PRIN call 2010-11),
have concluded that it should be possible to reach a sensitivity similar to the future KOTO sensitiv-
ity if a high intensity 400 GeV proton beam (1013 protons on target per 16.8 s spill, corresponding to
∼ 1019 p.o.t./year) is available from the SPS. To improve significantly higher proton intensities are re-
quired and significant detector research and development. This intensity will be beyond what is achieved
now at the T10 facility in the north area at CERN, due to various constraints and beam-sharing, but could
be possible if this facility is upgraded, or if a generic new north area high intensity facility is build to
serve other experimental proposals like SHiP [24] or other experiments searching the Dark Sector.

4.2.2 Dark Sector
The fact that no clear evidence for NP has been observed so far from precision measurements below the
EW energy scale has to be due to the effects of NP being highly suppressed. This can be because the
mass scale of NP particles is sufficiently larger than the EW energy scale, and/or because the couplings
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are small or some new symmetry acts such that the effects are cancelled. The Dark Sector generally
refers to the possibility that NP particles with masses below the EW energy scale have not been detected
because their interactions with SM particles are highly suppressed. The Dark Sector is usually classified
in terms of the operators which mediate their interaction with SM particles. These interactions are the
"Portals" to the Dark Sector.

If these NP particles are below the D/B mesons mass they can be produced with a Fixed Target
experiment at the SPS due to the large D and B meson production cross-section at the SPS energy. This
is the basic concept for the SHiP proposal, aiming to collect data at the largest possible intensity of
the SPS proton beam. Detailed studies of the neutrino portal, i.e. searches for heavy neutral leptons
(HNL) particles have been performed assuming∼ 4×1013 protons per spill [24]. The beam and particle
backgrounds are suppressed by adding a particle filter downstream of the target, allowing only these Dark
Sector particles (plus some residual muons and SM neutrinos) to reach a long decay tunnel equiped with
detectors. For example, SHiP sensitivities studies [24] shows an expected improvement by two order of
magnitude of the limits on the couplings in the HNL mass region (1-2) GeV. In the same mass region, a
running experiment like NA62 could potentially improve by one order of magnitude the existing limits,
but cannot reach the expected sensitivity of the SHiP design. For larger masses (but still below the Z/W
mass) other high energy facilities (like LHC or FCC-ee) are probably more appropriate for this kind of
search.

In the same SHiP study [24] a modified detector setup (including a specific target design) shows
the potential to search for lepton flavour decays in τ± → µ+µ−µ± in a specific designed fixed target
experiment, reaching sensitivities of O(10−10) similar than in Section 3.1.

5 Polarized protons
The potential of polarized hadron-hadron collisions to characterize NP were already discussed in [25–27]
in the context of the RHIC physics program. More recently, some authors have discussed the benefits of
having polarized protons in the FCC ring to disentangle the couplings of NP particles to the different SM
quarks, and as a tool to significantly reduce SM backgrounds [28]. In the context of this chapter, having
polarized protons in the injector chain will also open new physics opportunities. One clear example is the
measurement of the electric dipole moment (EDM) of nucleons. Within the SM, the EDM of a nucleon
is expected to be below 10−31e× cm [29]. The current limits using ultracold neutrons in a bottle reaches
a sensitivity of 2.9 × 10−26e × cm at 90%C.L. [30]. Future neutron facilities in Europe and elsewhere
should be able to improve significantly this sensitivity. In the case of protons the sensitivity is about an
order of magnitude worse and indirectly inferred from 199Hg [31]. An observation of a non-zero nucleon
EDM in the near future will be a clear indication of NP and of new sources of CP violation in strong
interactions until the sensitivity reaches the level of the SM predictions.

5.1 EDM storage rings
Several groups in the USA and in Europe [32] have been developping plans for a storage ring with
spin coherence times of about 103 seconds and electrical gradients of 4.5 MV/m, being fed with 1011

protons per cycle with 80% polarization at a "magic" momentum of 0.7 GeV/c reaching sensitivities of
O(10−29e× cm).

For protons, an all-electric storage ring is possible, at 0.7 GeV/c where the spin and momentum
vectors precess at the same rate in any electric field. The radial E-field acts on the proton EDM and can
cause a measurable vertical spin precession.

Such facilities are under extensive study, and will rely on the provision of high intensity polarized
proton beams. The low energy polarized protons at the start of the FCC injector chain could be used
for such EDM rings. One could extract polarized protons from the PSB and inject them into a relatively
small storage ring with a radius on the range between 40 m and 120 m. To improve on sensitivity it is

9

CHAPTER 5: PHYSICS OPPORTUNITIES WITH THE FCC-HH INJECTORS

701



foreseable to be able to improve the spin coherence time by an order of magnitude (104 seconds) and
use new techniques like the stochastic cooling-thermal mixing and higher proton beam intensities. If in
addition, a reliable electrical gradient of about 15 MV/m with negligible dark currents is achieved, then
the sensitivity of such a ring will reach the SM expectations for proton EDMs. Proposals for deuteron
EDM storage rings have also been made [33].

In the following section we discuss briefly what sort of performance could be expected from the
injector system as well as the requirements to the injector system to maintain the polarization of protons
to be injected into the FCC.

5.2 Polarized beams for FCC in light of RHIC experience
RHIC has sucessfully and routinely accelerated and collided polarized protons up to about 250 GeV,
using a dual spin-rotator (Siberian snake) setup [34]. An average of 55% store polarization was achieved.
The difficulty is to overcome depolarising resonances - the imperfection resonances are separated by only
523 MeV, so about 50 of these resonances would be crossed in the PS, around 1000 in the SPS and over
5’000 in the 3.3 TeV HEB. In addition the resonances get stronger with higher energy.

For the FCC injector chain, a new polarized proton source would be needed, together with exten-
sive changes in all of the circular pre-injectors, where the depolarising resonances can either be com-
pensated (in the low energy PSB) or overcome with the use of Siberian snakes. The integration of the
required snakes in the existing PS [35] and, to a lesser extent, the SPS is likely to be problematic. The
snake is a helical dipole, several meters long, which rotates the vertical polarisation by 180 degrees,
making the spin-tune a half-integer and energy independent and avoiding the imperfection or resonance
conditions. The spin rotation of the snake has to be much larger than the total spin rotation from the res-
onances, which means many snakes are needed around the larger rings. The preservation of polarization
in the HEB and FCC collider itself would be uncharted territory, although initial considerations for LHC
have proposed 16 snakes with 2 per arc [36]. A final complication is that an extreme control of residual
orbit error is needed - to around 10µm for LHC (presently about 200µm).

Altogether providing and colliding polarized proton beams for the FCC-hh collider appears to
be a substantial challenge, and one which might significantly affect the design of the HEB and collider
itself. However, the spectacular success of RHIC has demonstrated that providing and colliding polarized
protons up to energies of several hundred GeV is perfectly feasible. For beams below the GeV range for
an EDM facility, the similarity of the RHIC injector chain to the FCC pre-injectors [37] gives confidence
that polarized protons or deuterons could be accelerated to the energies needed in a version of the PSB.
Polarization levels of ∼80% could be expected, for single bunch intensities of at least a few 1011p.

6 Summary
Full exploitation of CERN’s infrastructure in the FCC era would make best use of the proton injector
chain during the time it is not filling the collider. These accelerators could be used to deliver a variety of
beams to different facilities with the potential for unique physics reach. In addition, there is a clear case
for high energy test beams to be fast- and slow-extracted from the HEB, for detector developments and
also for materials and structural robustness characterisation of accelerator subsystems.

A preliminary and certainly incomplete examination of the possibilities already gives an interest-
ing list of possible physics opportunities, as outlined above:

– Reaching sensitivity down to the SM predictions on EDMs for nucleons using polarized protons
in a dedicated 0.7 GeV storage ring;

– Precision search for flavour-changing transitions through B,D,K and τ decays, in a dedicated HEB
high-luminosity collider experiment;
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– Search for BSM dark sector particles in a 400 GeV high intensity proton beam dump experiment
from the SPS, as for example HNLs;

– Improve on sensitivity for K0
L → π0νν decay branching ratio using a 400 GeV high intensity

proton beam from the SPS.

Most of the potential physics experiments require large fluxes of high energy protons on target.
There is a strong coupling between the detector technology and the expected accelerator performance
limits, through the losses and activation which result from slow extraction, imposed by the detector
constraints. Increasing the annual p.o.t. from the SPS beyond the 5× 1019 presently achievable with fast
extraction will be an important challenge, as will be approaching this number for slow extracted beams.
Overall, a number of specific aspects can be highlighted for possible study directions to determine the
performance reach for the different applications, including:

– Preservation of polarization through the injector chain, and spin dynamics in a proton and/or
deuteron EDM storage ring;

– High field (at least 15 MV/m) electrostatic bending elements;
– Proton spill structure and detector occupancy/pile-up limitations;
– Beam loss reduction and activation mitigation for high intensity slow extraction, beam transport

and target/experimental zones;
– Beam dilution, target materials, layouts, robustness and handling;
– Potential for crystal extraction for high intensity, high energy protons;
– High luminosity experimental IP design for LHC as FCC HEB.
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